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The simultaneous distribution of iwo liguids in the spray resulting [rom the impingzment of
a pair of liguid streams has been determined esperimentclly. The relative effectivencss of the mixing
process wae evaluated by o mizing fazior that is depends:st on the variation in local mizture rasis.
The correlatio:: of this mizing factor wish imjector parameters shows the reiative ixportance of
siream momenta and effective impingement area on the spray configuration. The applicetion of the
data to rocket injector design is outlined.

2 INTRODUCTION

‘The operation of o rocket moter in drpozdent oa the chemleal resction of @ propsllent oe
peepellant comblaatios to liberete boat sxd ezcrgy diet may is twrm bo wtilizsd to prodece threst, The
basie tenets thue etly-lated ere oot diffisuls to altsln under eondlilosns where the tims availsbls for
teactic ; 8 very long, the degres of wilisntise of the avallable eee: gy i valmperiont, cad the
efficlousy of the ronction cus be § b, Bewe: v, meay practical complieatione eolo- whe- It
becemes eocessary to optinize the pacformence of o dovice tha! is lotesded to tessfun lmw
eti.2e0 &t eaeedous rates in e oxderiy ead coatolied menser vo e 1o produce comsistsetly jve-

diceable reaults,
oot of thess complicatioas ars dus to resizictions () on the physical size of & combustion
e&mh@rm&mq m@mmmmm tims and/or reection time ued (8), in the case
weresetion pheasmen ., Tosrelre, for the o0 of the mozopsope

dniem Wef@m@mwﬁmmmmm

sepoend. Sivee this eosegy isnet actually lost in the overall
gystem, it is reasceable to eoncleds thay heet wanefomed in addition to the &’ Jmwr . requivenseat
will accelerste reaction mies, thereby inw eaergy relcase for @ given clomber volune and
ke ze teading o cptimizs the overall eonSgmatica. Thy it would eppsar pessible to epproach s
opiismm mosopeopelleat injection systen by incressingthe b 2 wremefer from gee to lige™ " by oll
pooeible wethods, for inatance, by increasing tsopellast & - sizetion ead p: :ducing ¢ wiiorm wass
distwibution acrose the injecticn curface.

In hiliquid systews, es for the moncprepellaat case, it must be casumed that the hoat wunsier
from the gas to the liguid is on impostent prevsactioa requiresat and that an optimam coafigwerion
can be epproached in & similer manner. This requiremsat mest be pariicuiarly important foz those
propellants thet are nonhypesgolic at normel injection tempsratuzes since they require (es doss &
monopropellant) a cestain minimem quantity of heat transfer in order to initiste the reaction. For
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bypergolic peopellants this misimum beat transfer cen be somewhat less since it is necessary to
supply only «nough kest to the injected liguids to prevent quenchiag by the unmixed propsilants.
In aay case, 2 optimem value will undoubtedly be approached for tho condition of maximnm best
transfer; if it is sssumed that the energy feedback is is direct proportion to the totel epergy
released, it mokoe no difference whether the mechanion be radiation, condscrion, coaveciion, o
wave propagsti:: 8o leng as the ul*imate reaction is optimized,

Biliquid rocket systems introduce edditiona complicatices siace they require & coafigrration
tha will produce & certain degree of mixing of the pmpalhnu prior to reaction sad withis the coafin o
of the combasticn chamber {Cf, Ref, 1) The sctual mixisg may ke placs is & sumber of difforent
ways: it will, i most conceivable ceses, be the camuiative result of the procasses of liguid-phese
mixing, veporizstion, diffusios, snd gaseous tushbulence dus to the expessios of combustion. The
physical differesces in most injector designs might be trace to tho fact that primasy emphasis is
pleced s cue of these contribating factors. Howeves, in e cptimom confiy 7t 2 It fo roquised that
oech contributiag fastor be wii'ised to the linit whees overemphesto scteally dogradet the evenall
mixing proczon. Beblnd this lest etatomest lice the Implicit asoun; dea thas en of oem resction
redicatos intimate physicel mixlng o & woleeuler seale eadin the propse prepestions for @ otolehlos
motle and/es apiln- = sozction. In the ideal ezoc this condliion wosld enlet lxadintely after fn] siea
ly the mizing time) weald appeosdh

and m to reaciisgg the renction e (o wose eppropristel
siolane, ead conbustion volums o 34 be reduotd w o mininem (or ontices)
the prerequisiteos of @ optimum reaction, the primery frectios of a biliquid rocket-metor Injoctor bas
been stated, ot least in post.

Evalsatica of the mizing procses as posfs-ned by o biliquid injector must stem from connidor
ation of the spasial &i wilntion siteined simslte: cusly bgv two liguids es well oo of tho ceale md
size of the mmﬁlmg pasticle, Sm::&ky from the ste Sistrilha

wiiceration bas m Iisdle & :

gremuiny. On the yesctieal sids, boweves
intzibation eo us o optizdse wg@m@& into the move convenient
MWWM@ io soquived eal m&m@m &inteibetion
&% oo to povide each walt space of the pre ion rogion with e pe
doeblodly o« cusa ea & meleceler by is, both for licuid and &
gassces siates, Yt it is & iifal thet such a fins ceale of mixiag is ever atisined is say reel case
prics to combustion. Hathes, it might bs vieualized that mecro-ocals miniag consiv'fng of a dual
Jntzibation of dincrete pasticlen in the liguid phese is followed in time by esloctive vapesization
of coe compoaent to produce cae liguid propellent dispezed in the gas phase of the seccud component
aad thea ehrimately by the two propellonts being fusther mixed, dispersed, and rmacted in the ges phase.
Though the complicativas of the reactios procees, subosyuent gae turbulence, heat transfer, ete. are
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masy aad veried, they casnot alter ths basic concept of the over-al! process,

The confignration just described might be sttained by sepasale injection of two liguids Inte
the same region, bet it is iuconceivatle thst the miformity or scale of mixing thus sttsined could
ever exceed that which shosld be poseible by mixiag ia the liquid phase pricr to distribating the
liguids (in = similar asd equally efficient mawnse) to the combustion zeae. The scale of winisg thue
stinined should provail throughout the preseaction zone and theseby complemest the processes of
evapomtion, diffusion, ead tashuleace.

Tho pocoibility thas the liquids might be immiseible suggests the: the dual distribution just
referred to might actenlly be nttuined, On the other baad, it is more likely thas a feicly fize omulsion
w.uld bo formed if the enorgy evaileble wese propely willised, Evea though the mixtere ¢} 55 formed
wen aatsizble ascagh to be elecsed a3 o trus omalslon, It s doubsful that any deleterione offects
eould be ehoorved Lo -.use of the vesy sl 3 lifotimes reg:'ved, B it Is thon ensewed e’ such dla-
poraions esald be fo:.:sd, It ecald bs oxposied (CL. Ref, 2), thet the emuslen ecele wesld ‘s s %

mwmmmmwmsawudumwmmmuwwmmm»w@w

sing s enelsificetion asd bance Uguidgphess mixiag
of eiding e saitable wetti g e, sat. '

superimental ovidonee bes showa that the d- oo of mining siteined with biliguid
injoctoze bas & ecusidesable effoct wpsa rocket-meter 2 (Cf. Rofo. $ and 4). A eimiler
coaclusion roe to fom eay legic:’ asslyels of e ra fee optimam resctica. The reaseniag
of thia discer |- . and the evsumpiion that the premactica mixing coeld contrilute the majir pocticn of
the ovesall process led o ar i ira which wos concerned wit? the evaluation o lige! -phese

wiving and the detersiv tion of the infle ace of the conivolling parematers.

%gﬁmc&imﬂg—m:u s varions isjsction schemes thet hove bees utilzed for rackes-
mober infection bas neer-infinite variely, kot in alucet all cases the basic cloment is a woe or leso
ﬁm&ewﬁﬁu &M@dtﬂp@mﬁmo&& most papaler schemeo for obtzining minieg and for
contwelling distsiimtion consints of twe e move stresns impinging ot & com un paist, Th relative
mmmwwmmmefac&mpmwmwn positive coatsol of propellans
mese-flow rate, eceousts for the gonusel eccopiance of this besic design. The probebility that
information oa impiaging-otream injoctors would besefit a majority of interested posple ead the
nemxg&enmmwmmw&cma&&ewﬁwmmlwdmmm
of the liquid-phase miving of & single pair of impisgiag sweans.
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i ANALYS!IS OF PROBLEM

- A dizact detesmination of the liquid-phase mixing sttained by actual propellent combinstions
might b poesible if steps were taken to prevest a reaction. However, the ever-pressat possibility of
explosion, together with the difficulty in handling liquids such es aitric acid and liguid oxyges,
suggents the altersative of simulating propellents with more suitable liquids and extendiag the
investigation to inclede the effects of the physical properties of ligids, This method also has the
edvantage of increasing flexibility sz scope of dats obtained. It is possible that dots related 1o
ligiid-phase mixisg could be obtsined by sempling and analysing the reaction products is & motor
chamber, but et best this procedure would result in an indirect corvelation.

Expirimestal determination of the spray chesacteristics that may be used 1o evaluate
liquid-phase wixiag, i.¢., vesiation in local mixt:se ratio end the vasiation i meco diswibetios
wiitis the speny, may boet be eceom; "io 4 by eomo dbect eempling techalquo, In ord: L. keop
the sampling arsa small rolative 1o the épmmy emes voei'se, such methsds elways lmply the neceesity
for dlacsote saxpling a2 & grost nem! o2 of polnts with the esseelsted cambersome quantities of dats
to be reduced, Unfortmmately there coa be no experimentel alternative uz'! it bus besa proved that
simpler motheds ero epplicable. ~

The ec.sple itaclf can be mede o pecsms the vasiatles i mors dletribution

by controlling scopliag time, but it is sloo secossasy to devise @ mothed of
diffsrent phyel-al pa 25 presents @ greut

wmmber of po sitilities, but the two eluplect achemas involved the use of (1) ime’ reible liguids of
different dencities end (2) the sams tignid er miseible liguids for both strecms bet with ene eomposneat
dye’. Diroes measuwement of two volumes provides the sccense ; informative in the first methed, and
a calilvated p* ﬂmmw&s&em*Mm&cwwdmeM@MR&m@m
wess m&, the ﬁmw@d was chosen f@m& of thase esie since it wes considerall
Barelitelnes soszachleride sad water as the ﬁ?‘&&)"ﬁﬁ llqm&i. Ris
itvie aeid sud axiline are alse believed to be fomiscible. A me ‘ioned in Seetisn I, the immincibility
ef&esmmdﬁ@i@a&@ldm%@%m%mwmwgs&eMmﬁwmi@
wads luge relotave o epeay peticle size; for most peactical ewangor nte this condition is ve: voidable.

within the epray

with the

¥hes & simaletion methed is vsed, some cozsidestion mwst be gives to the possible effects of
& reaction thy' world in actusl prectice bo senteined o e point neey the strean impingement. The
ectusl loeation and stability of the so-called reaction frost ex” the iaflueacs aad/or necessity of
vapotization-end hoat wensfer sre siill vaknows, but several factows can be cousideved. Fivet, it is
certain the: a biliquid reaction caauot occur until come mixing has teken place. Second, the epray
formed by & peir of impiaging stresms coasists of pasticles traveling redially fom e asaz point
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souzce at the impingsment point. Since the rate of increase of the spray volume with distence is
quite high (with & subsequent decrease in liquid concentration .. enit of spray volume), the
probability of secoadary collision boyond the impingement point becomes quite iow, Third, the
probability of secondary collisioas of pasticles in the proper propostios for efficieat combastion
wast be very smell. Thes it would sppesr thet suck lipnid-pbase mixing as is obteined must be
completed within & very short distance (and therefore chort time interval) fro:: the point of
impiugement. Even though the liquids eve hypergolic and the chamber temperature, pressare, and
bees tranefor are quite high, it is conceivable thet these effects o the initial mizing process are
quite swall. Therefore, if by experimeat it is possible to determine an effsct os liquid-phass
mixing of noaresoting liquids with verying dysamic characteristics of the free strea: 3, it is
reasosabie to sssume that similar effects must occar in & rocket motor. This promiss is, ia fset,
the basis for the experimental stady herein described,

Asids fom the physical preperties of the sprayed lHauids, the cholee of pasemetors o be
investigated was the reault of an clemeatary ens’ /sls of the dynamies lnvolved is the luplagement
of liguid srcams, The geometsy of tho eysiem wes dofised es shown Is Figare 1. Thes tho cumpsted
lhomn&mw&emmlmmmmmwmm«zm
line of the epsay-sampling dovies. Keace the borlnoatel conponent of memestam of anch of the two
st: Jems wes el s sst eguel, Consides: Amofemhammhéuﬁchmﬁaafm

regairemente for optimum miving that may be semmerized e follows;

1. The epecific suclzce of inpaes, i.0., inpingoneat scrface aren pee wnl* mase
ve! - of liguids, mwet epproach a meximem in crder to sttnin maximam con-
version of the convergsat enorgy vector inte pbulence end wixing. For the
ezae of irpingiag civesms of circolur crone section with which this study is
conceraed, it in roquired thes e sween disn: urs be equal;® ihat is,
4;/4g = DD = 10,

2. s ease twe ..cnll pasticles, cxe from cach otream teveling & collision

* eowrss, are followed theough ite point of impacs, it iv sees thet the ideal
sitzution woald exist whes en inelastic collision oce  2d in form & single
ponticle of optivam miztere retio aad if the pasticle were to leave the impact
surface 50 as o prodece @ miginum disterbance to edjacent pasticles. It in
readily seen thet this condition is attainsd only whes the mowents of the
two panticles ere equal, i.o., whea the resultest path of the pasticles follows
ths line of the bissction of the stremm center line. Under say other condition
the high momeatam streem will cause excessive roflection of th: low memen-
tum slream with sabsequent “splitting” or “rolling over™ of the lv - momea-

*The nemenclatze v2ed in this repart ia given in Teble L.

Pege 5



Pregress Repert No. 26-195 . Jot Progolsien Lchnn!z

tum streess, thus prevesiing proper mixing, Hence # /My~ 10is an
optimam condition,

3. b the original hypothesis it was reseoncd that the impsci-induced turbulonce
(and therefcre the tarbulest mixing) should increase and epposch & mavisum
as the impingemest sagle increased from zero asd approc:-hed 180°. Howeves,
experimes il data isdicated that @ perameter akin to contacl time bed con-
siderable inflsence sad was also propostionsl to the impingemest aagle.
Thus the over-all effect was not as simple as sepposed (CL. Saction VIIY).
Therefore impiagement aagle in itoelf mustbe cossidered importast from o
mixing standpoeist is eddition to its masked effect on cpatial distribatica.

4,  Eves though each of the fires tises criteria ie fved st some cpdiamm valus,
i le ecacelvable that the varying of elroem veloelt!  moy infleence somee
whet the degree of mizing attained. (This condition is possibls if it is acsumed
that choles of propellest combleaticns allows varietion Is liguld dennlty end
macs rates i ca otheswiss fined configraticn.) Acsuming thet some sost of
interface exk 9, the velselty differential would creste tashulens eddiss to
peowot the mix'2g of the two ligulds. However, the ecele end magnis % of
such wabslonce may be regligibly small eoapered wiih inkiis] ewosm tusbo-
lence sad thet produced ot impact. Or the other haz ', it is reescanble to
mm&&tﬁek&m@ﬁemym&hﬁem&ﬁk@o{mmﬂeﬂwm&f
sreduction of torbulenes ot suech en interface me, inflpsnce dhe oversll
mixing. Thus the eassgy lovel of the swweams as well es energy available for
& ing way be influestial paremetera.

5.  Of more curscry intevest were the dimeasional que iities of impingoment leagh
ead crifice aren. Except as erifice we- =ight influescs Reyeolds sumber and
faleicatic: . solerances aad jot divect?: ol stability, there wes no bosis for
expecting these factor. in themselves to have eny influsnce in mixieg.

These several peramet:;s were considered most inportant end were investigated enverimentelly
to determine their effect on liguidphese wixing. Beenuse of the nserinfinite nuwber of physical
esengenents of injector components that ese foasible, & pair of streams of circelor cross section was
ueed to oMain the balk of the duts. Howeves, there in evidence to indicete thet wends established for
cirenler sireams ese diroctly applicable to other siream crons sectione and that it may be poseible to
extend goaeral conclusions to combinations of three or move ceificen.

Pego 6
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e APPARATUS

The equipment used for this investigation consisted of three basic components, i.c., an
impinging jet assembly, & spray collector, and & sprey booth with its associeted spray shutter,
conteols, eud photsgrephic installations,

The impinging-jet esccmbly es shown in Figure 2 was cosstructed to provide means of
vazyisg the impingement eagle and impingemest length (oz distance), controlling the resultent
momentum linse of the epeuy, and allowis;; installstion of various orifice pairs in & neerly ideatical
instalistisz. The barvels for mouating the vazious orifices were designed for the maxis um practical
costeactic: ratio in &2 aftes pt 1o minimize the isfluence of fiow corditicas eperesm from the orifice.
Provicions were eloo mede for the installetion of baffles and screeas to obtain edditicnal turbuleace
dempiag, The crifice mousting is & serew-insernt type using metal-to-metal ssal so that within fabei-
catlon tolsrances the erifice catey plane coinzides with the laternal ewmince of the bemel.

The lspingement e.gle wee ccatrolled by driving the individus! basvels cloag o fixed quedsast
with @ rack end pinios. The bervelo ware locked is their mounting blocks with lock sute which peos
vided both thn edjustment fo: implagement longth ead tha nocessery edjustment for stream oligument.
This ¢ nagoment aloo allowed the rotatien of cae complets erifice-barrel asrembly (ea” horefore
stream) relative to the other etreas: Pressere messurements were mads wiihin the barvel but upstream
from the last twhelence-damping scioen, thus providiag euitsble iafe otion cince th:- sereen pro-
daced 8 nsgligible preesure diop even with meximes flow tiroegh the lurgest crifices investigated.
The dotaila of this basvol ecosmbly ee wwed to obtein the bulk of the deta are shown in Figue 3.

Foer ccllectors were designed for v in dotemmining the spatial diswribution and in evalesting
the local wixture ratice withia & spray. The ealy differonces botween the collectoes were in size and
aFmugensat; thes prcisiva was made to ~btain semples withia the same spherieal cogment bat at
different redizl distancon; i.e., 2, 3, &, and 6 inches. The object, of course, wos to deternine amy
poseible effects dze to sempling distance. Howeves, it wes believed that this information west have
Kttle significance for sny syctem whersia the speay penticles casset: fom & neoy point source.

Since fsirication costs were fairly high, caly cae co! ctor of the set was consizucisd. Two views
of thin collector esed for olbteining sumples on the spherical swiace having e 6-inch radizs are
shown in Figees 4.

The sssembly coasists of four radial beaks of tubes equally speved eround the spmy axie
intercepting 6 maxim. » cone angle of 100°. The tubes are wade from precision-bose glass tubing
kaving ea inside dismeter of (.170020.0002 inch and are positioned 0.250 inch center to center.
For purpozes of identificatic , each redial @rm vies cosigned & letter, i.e., 4, B, C, or U; end
cach tube was given & number staning with 1 jor the tube next to the center tube and continuing
ia saccession to the ovtermont tube, The ceater tube was given the identification zero. The metal
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Progress Report bin. 20-195 Jot Propuisien Labsrotory

tabes located on the sanplisg-surface tips have estreace angles adjusted 1o intercept that postion

of an ideal epray fwcladed in & segrmont beving e base ares equal to the cross-sectional are: of the
vertical tubes. An §deal spray in this case refers 10 @ spray in which all the pasticles trevel radially
from a point sowrce. Is most configurations this conditios may be sesums.’ since the eflects of
extraneons eir curvents and gravity may be considered to be segligible. Que cad of each tube is

sealed at & common refersace plans; thuo the height of the columa collected per unis time interval

is directly propostional to the local meos rate st the samplisg sunace. Siace the collector was
coustructed in three pieces (Cf. Fig. 4), two photogrephs of each sample provide the histograme

of the spatisl dintribution attained oa four radii about the spray axis. By whisg additiossl samples

with differeat relative collector positions, & complete sesvey of 8 spray cross section may be obtained.
Furthermore, if two Zmmiscibie liquids are used ao the sprayed liquids, or if provision is made to
evelaste some crsmmon propesty of miscible liquids, sach samples provide the informatios required for
the doters:2atlon of the varletion in locel mixtuss ratios attained in a biliquid eystom, A typicel sesiese
of samples obiained with casbon totrachloride and water for six diffsront collecter positions Iz presented

in Figae 5.
The eprey booth obows ia Figure 6 provides & resoonebly qulescons chember within which the
eollactor mey be expussd to the epeay for o coatrelied time latesvel. An exheust eystem mninteins &

contiznous do.adve’ . withia the bosth so as to wirimias the texic dengers lavelved is sprayiag such
et O ,, 3 }ﬁ’@ﬁ%iy SRt g ﬁﬁpé W&@a amﬂ e

datermined by the controlied spzod of & retating slot thet is

&iven by & constaniwpesd wotoe theesy. @ vesinblo-spesd ressuission, The slet itvelf is an senules
mm&byMmﬁniﬁmmémmma@&thmmg-Mwmmymmiamm

aporoximstely 0.5 inch below the impingement peizt. The edge of the olot contains provision
fw&vmhqm&m&emmmmmmmh&pmymwﬁmémmm&wpmgof
Yiguid from the &ek ovnlace. Exposure times down to showt 0.5 second eve obisined by mesus] contrel
of the dive-motor gv ok, (Note thet tis proceduse does not do Vae the acewacey of experwe tinee
since the shutter scceberstes o fall epsod iz about & geartes revoletion). Although the & s reported
herein wers obisined with masnel shutter couisel, it is pessible to obtuie expesere times oz low e
0.05 sscond with the & 'Jition of s secoadesy shoiter. This device conzintn of & thwe-pesition
shutter that is drives in synchroniom wit' the princsy shatier so e to chtain 100 per cent liquid
diversion in position A, zero diversion in positive B, sed 100 per cent divemion in position C. By
driving the secondary shattsy through this sequers. of poniticns ou three successive revolutions of
the primezy shutter, the collector in ezp 2ed to & - ‘ngle pasa of the slo: rolating &t a preset speed.

Two coaplete mnd separate nitrogen-preecwrized, liquid-supply eystems provided individus!
control of each sirees mad sources for different liquids. One aystem included 2 temwperature buth and
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provision for mixing liquids prior to transfer to the pressure system. A sump for collecting sprayed
liquids for possible reuse was also 2 integral part of the system,

Two photographs of each collected sample wers obtsined to provide s permanent film record
snd to facilitage the reduction of the data. For this purpose the spray booth wes equipped with an
iategral illeminstion system that could also be sscd s o light source or backgroned for photograghisg
aprays. The camera used for all still end flash photographs was a &x5-inch Speed Graphic.

High-speed flash photographs of streams and sprays were obtained with s 1.0-microsec flash
wait using GE FT-27 flash tubes. The high-speed motion pictires wese teken with & Festax camers
using photospot illumisstion,

Iv.  ORIFICE INSERTS AND STREAM CHARACTERISTICS
Is the initiel phases of this investigation it we. realized thet the results obtained sod pasii-
colesly tha uaefulaces of the data were Lvevocably dapeadest upon prior knowledge of the dynamic
charecteriotics of fee ates ms. It Is imperative that the Importent chamcteristics of such etreams be
definod and contoliad to the extent that they msy be pradicted. Apprecistion of the magnitude of this
problem deepoacd coasidesably a8 the progran progressed.

Most of the previona invastigatisss os jeie end free streams have been peimarily concemed
with tﬁs%kam&ez’mﬁw which determine @ good fire-fighting stream, i.e., ““throw” of the stremmn end
gossle-discharge coefficients. Freeman (Cf. fel. 5) conducted an extremely comprebessive inveatigation
of this problem 1o whick some information was edded et s leter date by Bleie (C£. Ref. 6). A similer
gtudy wes aleo cenducted by Howe azd Posey (Cf. Ref. 7), who extended the measurements by eval-
wating the disperaion of the stream s a function of ﬁéémw using & sanpling techrique. However,
with the exception f onn set of data reposted by Frosman to chow the velocity profile which wes
attained by the jet produced by & pasticalar nozsle ot its exit, zone of these ir:2stigators eyaluated
free cherscteristies s such.

The criteria to be used in definisy a suitable stremn were in pam srvived at on a strictly
whirery besis and were in past evolved on the basis of indirect experimental evidence. The arhitrary
sequirements may be ssmmarized as followe:

1.  The jet diamster shou!’ be equal to the orifice diameter &4 should retain this
same avezara dimeusion in the fres stream for distances that are lorge relative
to arifice diameter or impingement distance; i.e., the meximem tolerable apread
angle is of the order of minutes.

2. The jet must be siable. In particular, it must be directionally stable so that
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dirsction of flow does not chasge with time; also it mast be contiauous in
the se: 7o that mess rate is neither intermittent sor varieble with sime.
Adbercuce to these conditions precludes the preseace of separation end/oe
cavite:ion withis the crifice itself,

A less olrious but even more important requirem:cas for & good frec stresm involves ths spaci-
fication of the fren-stresm velocity profile. Although the controlling perameter could be momentam
rathez thaa velocity, the information availabls does not wasrent o distinction. In aay case, the iwo
factors have dysasic eimilesity for eny gives eystem if it is assumed that the streem ie 2 contizvous
medizm, Since the coavept of the frec-stream velocity profile was attained through o strictly empirical
epproach, esd since the method of evalustion is at best en indivect one based vpon hypothesis, some
benefit may be gained through & diccuesios of the chronslogical development of the crifice desiga that.
appasently producel strecms heving symmotrical and slwiler froo-etseam velocity profilse,

Usisg i\s deta of Bouse and Hessas (Cl. Ref, 8) to cbialn monetonic entrioo sad the eapublisked
mealts of an lavestigetion on orifice charosteristics,® etrcams that were epparently stebls were oltaland
with the ebort, emssth-bove orifices specified for orificos 24, 9A, end 9B of Table II. In ceder to provide
monsiosle eatrles ever o rengs of dlemeters from 0.040 t0 0.125 Inch with & minlz: » amsuast of tooling
end yo8 eonform to o mexiadin Hemeier of 0.812 lach (Hmited by the deslgn sequiremonta of the
baszal esembly), elliptical contoces weve provided for the lesger olses. The contour was the seme for
sises Hom 0.05 200.125 inch and was bosed en & 0.1%5-inch diemsier with a/r = 4.0 2ad &/r = 1.0,
Fer crifices W&gm theough 0.0705-inch diamoters, e 0.118-inch radial entry was edequate. In oli
sesce the dlametson wess bold io Jead mwmem, ead the coatouss to the woual grousd tool
euEiaee, 16., Wil M&es speoximately $0.001 inch. The compaatively shent etraight
eifice longtbs woed for ofl wificn sizes mam@g&ummm ofmawwomaub!c
oy e with &@K REChETET mﬁm end Binimem phyme&i size. The first indication thet these
epesifications woreact adeqente becams o areat whes it wes fousd thet the spatial disiribution asteined
by&%ewwﬁ&.mﬁmm{h;;mﬁiwmgmmmmbyase&wiﬁmmmsmw-
eible and would not rek "2 similority for eifice Reypoidd nombere of 20,000 ead lerger.

see! or roprad:
. reguirement thet the syray cvoss seetdy he WMME; o
mmm&. w«w 25 of the systiem bove geonstrice] symmetzy apd ere dynemically balonced,
zy could be & logical consequence of the impi-gement procens.,
In faz2, since the raflal-velocity ece e of the spray panticles are the reeult of a rendom multiple-
pasiicle collision within &e mphmm zcn0, the dispersio at:ined shosld follow o etatistical pattorn
end move specifically @ seorsomal distribetion pattera. Thuo the mese distribution of the spray es
evelentad by the sanple obteined should epproach o trao Geussien diowibution. Fortunstely experime: sl
evidence bas served to confirm this lise of reascaing.

“Yhis work was canied out &t this Laboratary by Gles W. Maxwell during 1950 sad 1951,
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The orifices as firss designed were apparently adequate from the standpaint of strean siu-
kility, at least in so far es it was possible to distinguieh 2 stable stream from en unstable oze by
visual asd/or photographic methods. Thus the streams were in essence directionally stable and were
circular in cross section with & maxinum spread esgle of about 5 even though considerable flare
was exhibited et or near the orifice exit. Preliminery sampling indicated that & recdom and low-frequency
inconsisteacy produced spatial di-tributions thet ecald ot be duplicated. Figure 7 shows three samples
obtained with the same set of ovifices uaing water e the test liquid, Views 4 and B illustrate the
extreme vasietion of ten samples obtained with identieal cpesating coaditions, wherees view C is
typicsl of the marked variations obtained as the jet velocities increased. Thsgh some change in spatial
distribation might be expected with increening jot velocity, the curve should st least retain e cheracter
istic shape, Close exnmination of the streams in the trassition region neer the orifice exit showsd thet
the stristion. lormed et the end of the rausparent streem variod in time and position esouad the circzm-
fercace of the sweam ead pecheps indicoted e lose cbvious type of instability, Oc the basic of the work
dose by Mexwell, it was bolieved thet e .b fastebilities eould b attributed to tho presssce of lorge-ccale
tazbulercs end/or crese velocition a2 the eriffcs entenace. Thee the baffle and the rurbulesce-educing
seroen ehowa in Figers 3 wero edded (o the baeol easombly. With this conflgs stion It was foved tha
w«l&m@liaﬁwe@éhmﬁaﬁa&&(ﬁma&owmm&e Emakmemblywylﬂt}y
ele-froe a3 elf timen.) Figurs 8 chowa two photogmeg” 3 of dilferent samples takon 82 the cemo evss
eection of & mmwswmym& vepaes: ,am%mmm obtsined in oix successive semples.
In wost cases, if cas of the photographs wese sepeainponed ca the other, the apy.v; 1nts mesisei would
almoat eslucide, Tho encellont duplication thas showw weu eloo obiuined et the higher jot veloeitios,
bui the chararteristic curve of spetiel diswilution changed eppreciably with jet veloeity.

Attempts to ralionelize this eppareat excmely lod to the bypothesin that noansifo
pi-liles cam occer in free siveams. U it is essumsd Grr the moment thet euch vebutywﬁ!ammﬁ.
it wust sloo be concluded & © free-streams voloein: profiles moy bo either nonsymmetsiesl or nonsimiles
whm&e.himmﬁMy@wMi@W&m@w&mwﬂlMymﬂ!h:
mosEnil = momentom exchengs and heace in seasymaet ical, disteted, end inconcistent apatia} Hatri-
bution of the resaltent apray. The inpir wment of such sreer: may be anelogees to the impingement of
idsalized swooms bevieg diffecent diomsters, difoszat momeris, ead/or varyiag degrees of wisaligames

Kiti aleo cosumed thet ronsymmstry of the velocity profile ettnined in the fes stream is
peimarily e fuaction of the physical configuresion of t&: ovifice-bamrel essembly axd that the peofile in
stable with time ec indicated by the consistency of succeesive samples, it chould bs poesible to observe
@ consistent change iz mass disiribution es aue’complete crifice-basrel essembly is rotated showm ita
axis, Under these conditias the degree of departure from o symmetrical curve should at lec .2 pacs
through @ minimum ¢ . the optimum impingement position is epproached. This optimum curve will alao
be effected by the similesity of velocity profiles of the two streams ss well as by the selative position
of the profile maxima with respect to the geometry of the ssmpling system.
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The effect of the distosted velocity profiles is graphically illustrated is Figare 9, As just
indicated, thewe samples were obtained sader aearly identicsl opersting conditions with the
exception thed vne complete bafrel assembly was rotated about its axis ead the other remeised fixed.
Sinco these cmsves were reproducible, it was concluded that stsble, soseymmetrical velocisy profiles
do exist and that the distortion obtained is directly associated with the orifice-barel assembly, It
waz also possible to concludo that the variation in spetisl distribution as detc-mined by these
qlhgﬂh&htmynuiﬁndﬁwg&hdimu&oddnduﬁqh@mtebciq
profiles.

Eerly uitempts to attein usiform sad symmetrical velocity profiles by the mowce
Mofmmmﬂqcmwnﬁumqﬁnﬁmpoh. g
In fact, after the orifice surface was carsfully lspped ead polished, and the orifico-besrel juaction
wes costoured, the stresms bocawms violently usetabls asd the cross section markedly soacirculsr, -
In an effort ta explain cuch ea sareaseneblo maction, it Io noccssery to re-esamias tho flow coaditions
actuclly existing la the osifice inlet and the orifics soction exd, with considsrably loe: swroness, with-
In the froe stmem ltosll,

The classical conesps of flew conditions (Cf. Refa, 9 through 12) within the wrensitics section
of @ a-%0th entry of a plpe pletures a sear-uniform velesity profile immodiately after accoleration with
&p extremely thim laminar bouadary at the tube wall. I it io ecouned that the ensrgy loos the ugh the
wensition is segligible, the meen and local velocisien at thin crovs section aro identical aud equal 1o
the thooretical valosity [ 2gAP/E , wheee AP/S ie the change in etutic bea". If the costraction
eoction io suceseded by & apprecial’s tube lengih, retardaticn tekes place a8 the walls, ead & lami-
sar boundesy ls;ar begine to form, Contizaity of mess wensfer requives thet the decresse in velocily
oz the wall be mecompanied by en incresss in veloeisy &8 G center. %mqummmwm
predientes w2 trsnapost towerd the center of the e with aa wiv eadial-prespere
gadieat. ¥ the peocese in allowed to continue for en agpreciab!
Gemetare) o2 &mkh enmhers below the critical walys, the flow em Fation
wd the sadinlpres: e gredicats practically diseppear. Fes the csse where the Bow is incipiently
tesbalont, i.e., witk Reynolds aember con- derably in excess of fhe critical valve, the lemivar flow
ie the boendusy bocomes vamalle belowe this cvadition is readhed, fasther bowndasy-layer gowth
tekiag plece in aceordence with the principles of turbalent loundary layers. A atable velocity peofile
with segligible mdial-pac & GTe s will be altained efier some 50 diemeters, the flow being
swhelent excopt for & thin Lmu sablayer aler 3 the walls,

Y

Rouse {CE. Ref. 10} dincucses the offoct of surface roughness up. ; the finul and stable
velocity profile, wnd Shepiro and Swmith (Cf. Ref. 13) illuotrate the effect of & single surfsce discon-
tinuity on friction coefficiests, but little information is available regerding the promotion of turbulence
ds.. 1o gurface meghvess or diecontinnition. Althongh it is geasrally pr  umed that the tremsitien
from leminar flow 8o turlalent How follows co axially symmetrical patters, it is exivemely douhtful
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that such & condition is attained in & practical case. It is more likely that the local imperfections
0? df‘ surfece p;mdnce noasymmetrical transitions end therefore noasymmetrical velocity profiles
within the transition section. As such imegularitios are reduced in number and frequescy by lapping
and polisking, it actually becomes possible to sccentuate the nonsymmetry. This fact mey sesve to
explain in past the sppareat asoenly mestionsd,

if the coniiguration of the usual rocket injectoe orifice is now considesed to be limited to
L'/D ratios of the order of 3 to 10 end is required to operate at Reynolds numbers well isto the
tarbalent regime, it is scen that the traneition from leminar to tarbulent flow i» barely initiated at
the time the jet leaves the confines of the orifice walls, The combined effects of radial-presswe
gradients, elimisation of wall drag, en sonvaiform tarbulence initistion suffice to produce streams
baving uapredictable dysamic cherseteristics as well as & coasidarable emomt of beeakup and
dispereisa,

In b light of thic disceasion theiz ave twe obvicus approaches 1o @ solution of the prectical
problem. Fires, it eppears possible to preduse saitable stresme with very shoss contonred orifices or
sharp-edged orlfices which eseestially eliminste the possibility of tmesiloa, Unfosturatoly the sream
stability is highly suseoptible to very slight Buctustiozs is wpetreem coaditions, asd therofore such
etveams ere uasait-ble for the practical euse (Cf, Refe. 14 theough 16). Second, if orifice lungihs wers
incressed to provide LY/i of 53 or more, it sbeeld be possible to . Lace edequats etranms, Again
peactical limitaticas impo: - serics: dilicultien thengh not es serioas es whes the fimt mothe” i
esed. The elternative that proved moet froitful resulted f:a en attsmpt to obiaia a fully geacrated

lest velocity profile ia the froo sweam within the available 4 1o 6 dismetess of orifice swreight
section by introdn: g & w ‘formly rough swlacs “at weuld secolesnte the transition to turbalent
flow. For this pupoce 8 No. 0-50 tap was run through e pair of ozifices of 0.052-inch diameter o
peoduce e eurlaco-roughness factor of about 6.5 (ratio of redial beight of reaghuess to minimem
arifice radivg).

The improvemeat thus ol sised in both etability sad covsistency of spatial diswributios wes
resurkable, bot edbsequent sumpling showed vasistions smounting to approximately 10 per cent of
lseal mass w%s es the relotive position of sweem tapls . mont vuried. Although this improvement
represented ¢ sevel ovdere of megmitude, it wes believed that the influeace of veriatic  in siream
charectoristica chould be eliminated in so for s pesgibie. Thus & new sesien of orifices wag fabei-
ceted in which the straight section of the crifice v » ineressed to sbout 20 diaweterm (Cf. Table )
in order to provids additional time for smoothing of the velacity profiles price to the orifice exit,
Two orifices baving 0,052-inch diemeter wese tapped 0.37 inch (24 turss of & No. 0-8D tep) from
the eatry end and then reamed and retapped to assure e clesa edge to the partial thread. Semples
were obteined with water over a rezge of Reynolds sumbers ard for & number of impingement con-
figerations > yield the distribation curves shown in Figares 10 and 11. Tn Figare 10 the Reynolds
number varies fr.m 18,000 to 53,000; though seme distortion is sppagent at the higher values, the
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same besic chasacteristics are retained throughout this renge. The curves shown is Figure 11, whes
cospared with those of Figure 9, show considerable improvement; though perfection was not attsized,
it wea decided thet the cheracterintics of the streams thus produced aod evalaeted were wuitable for
the investigation of the liyuid-phase wixing of & pair of impinging etreams,

The elfect of swface roughening oa the visual characteristics of frse streems is grephieally
illustrated in Figare 12, The photographs were tskea with & l-microsec flash. View 4 shows the
sizes 28 produced by two 0.052-inch diameter orifices fabricated to the same specifications bat without
suzface oughening. View B shows the jets prodeced by the same orifices operating at the same presse:»
drop after the inlet ead bad been tapped a distauce of 0,312 inch to produce & surface having & rosghnese

factor of 6.5,

L is interesting to note thet the glas:y section of the strean eppended to the crifice exit in view
4 of Figere 12, whick might be assocleted with the laminar bovndary leyes, completsly disappests when

oughen ing is Intredused. Pesbaps even meso stustling ls the b3 that the dogree of jot beeskup
e2tsived with the turbalont stram Is mashed'; less than is produced by smooth-walled erificss, Although
& veloclty differentie] (tharofore o slight chenge In elr drag existe bessuse of ¢ senlsal 10 per cont
daczoass in the dischargs eoefficlen’ of the tapped erifice, it bardly escounta for the iliuatrated

memmmmmmmeﬁ%&,dammm&mwg@@gmmfanmm“
&op of 100 pei. Figese Mmm endith a&miwh&wcoﬂ-‘im 13
mewmwmwdmmm%mhum.kwﬁdymm
meﬁmgcmﬁ mmmmm:mwmmmmmmmmnma

fw

heznegesiag though fow or z0 @@ﬁhﬁw date were obtelasd, some of &e moFa
pestineat w“m&ﬁl findiags mey b sammerized e follows:
1.  Terbelence-is "icing devices uad to mromate directional s dility, redace effscta
of upstream distusbences, wnd promote symmctsy of the velocity profile.
2.  Exzcessive surfece roughness can prodees considerable emoant of flare withoat

eppreciabls effect on the other stream charecteristica (based on one test with
a soughpess factor of 3.5),
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3. mudhumoﬂymtypcdmdluuﬁnmyhmd,nditw-u
indicated from tests on one series of orifices that s siagle concentric suface
discontinuity would be edequete if it could be mede sufficiently uniform.

4.  Misimum values of L'/D sad of swriace roughness required to produce symmetrical
velocity profiles kave not Leen determined but probably sz less than the values

used in these experiments.

S.  In geseral, the discharge cocfficient may be expected to be reduced approximsately
in proportion to the length of the turbuleaco-indacing vection aad to the overell
orifice leagth,

6. Mesy of the common difficulties of stream misalignment due to fabeication sre
posexistent o felly tibslent, symmetric:l, ead stable swreames The cignificance
of this etateme:  in respect to It practies! applications cazsot be ovoremphasize

7. A stells, coamniled velocity profiio ie pe:saquisite to predictable mase diziibation
in the 87 .y reaultiag fom e palr of ixy Inglug streame,

V-

Each spray condition was oveleated by compiling the dutn from o sumber of different eenples so
thet the flow mite b i emtire spray coose soctien was tken inte accomnt. The came oad reaelt could ba
oltained sither (1) by rezating the colloctor aboat its axis so that the sample in each .ube was considered
to represent the local flow rete within the pection of an ensslus oz (2) by me ‘ug the collector in suck e
ernger that the catianes of exe benk of tubes fell ea 5. v usive grest circles baving @ common diemeter
which was perpendienlar to the plaae of the stream center lines and wiich pasoed thuoagh the impiagoment
point. Althoagh the latter metbod produces moss complete information with @ emeller aven comection, the
" seleively lozge cumber of samples requived exd the & ~ressed complexity of the collector mounting led to
the use of the former technique. The mixing factar of vae set of data using the recteagelor sampling method
is inele? .4 is Teble I, ead it is seco the? thepe is o ciguificont fiffaronce between that velue aud oze
obtained by the polar methed ss used in oll the other savmpling. The engle # was defined a9 the augle of
rotation of the collector ebout its axis from an esbiwerily defined rofe: o3 position; £ = 0° was tala
for the collector pasition wherein the B-0) axis wes i the plane of the skeam centes lizes, (The 4-C
axis was aligned slong the msjor axis of spray baviag en elliptical crees gection.) The erifice ropresented
by subseript 1 weo slways placed oa the ceme side of the spray eo the B arm of the collector v’ on
6 = 0°, (Similesly subscript 2 represents the orifice positioned on the same side of the spray as the D arm
of the collector.)

Fos purposes of evaluating 8 given ;. 4y coadition, six samples were obtained for collector 4
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positioss of @ = 0, 15, 30, 45, 60, end 75°, the rotation being clockwise ae viewed from the impinge-
meat point, Thus, if & spray wess synmetrical in cross section aad had & cone angle of 100°, it wesld
B possible to semplo ovee 600 individual points. In practice such a spray is rave, and for these
wxperiments it was fousd that the total sumbee of points sctwally sempled soldom exceeded 350,

Two &S-inch photographe of the sample were obtained, each coatsining o single conticnous
Bask of collector tubes, i.e., two radial arms of the collector. Thus 8 sssise of vix rsmples produced

the date showa in Figare 5.

Alshough the quentity of fluid cbtaine is each tube is directly proportional to the local mase
vate, the use of poler sampling requiees that cach tube represent o different total mess vate which is
equc] o the mass of the ssmple aciuelly collectod waltiplied by an erea corvoction factor C dofincd
5 the ratio of the eves ropressated by the eample 4, to the tabo area 4; i.e,, C = 4,/4,. Is the cano
of Zhe conter tube the eame sanple s obinined oix tines, ead some overlep Is eacsentered in the first
whee of each rodle] evm. Thas the eomestion factom ere loos thes 1.0 for thooo tubsea, The ex:  ling
wos wao tzkes & that portion of the aves of o luns which beo e dlbsdral eagle of 16° asd its exls
colmoident with the eprey exlo aad which Iz bonaded by the intessection of two eylladrical surfaces
MMMMMWMéer&MMmdMMMQMbM»QAE
fnok, end suscessive cylindssa bave mdil lomessing I 0.250-Inch Incsomsntn, The esen eorvastion
facaore obtaled is Bio fackies amw itemized fn Tubl I, Ik may bo ssted thes the comustle: facise
becoman quits lesge weas e periphery ¢f (e speay, teading to auplily the euuse iavelved in messws
relntively emall colenm belghts. Howeve, the gross effest wes wseslly quit- small siece e
woi satained by woighting fho date oo the baol: of the percontage of the total flow st
apy sme ssaplo.

wini mmmmi center ling eod ~idiag with the coster Hae @ﬁ @m edllecter; Bhmo the etrenm

fimmed to lie ta %o pﬁm& of the eollectes tabon (for 6 = OP) cs the bamel esseably
edizatient wos mads of e buwel » miing ass

rc-:es» ahont the plose of the swesm center lines. Thiv adjustmont we - accom-

with el . ‘ent eccueey by visuel cheerwmtlc  of Do aproy £ .2 sbove the feplngament pofut,

Toe Wﬁe was ohtnised

mmmymmﬂywwmdwma&sdﬁmmﬁdh igraved,

Beswee:. saaples the collector was thomaghly weshed, rinced in o detargent solutics, asd
allewad to drein for ot leeot § mievtes. With this procedure the tendency for the tebes to wrep sir
iy the Hlling process was eliminated, cad yet o messreable residae wee rewmined on the twle
walls.
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A referesce pressure deop of 100 psi was asbitrarily chosen ss & ressonable value for
establisbing a lsvel of operation, and moet of the dats are relative to this value, For exsmple, es
momentam raiio was varied from 0.4 through 1.67, the prsssure drop across ons orifice was always
maintained a2 100 pei, Althosgh any oc- of & sumber of other criteria could have been established
(sach ev coustans total flow ratse, a fixed mess rate for one orifice, etc.), fixing the precsure drop
was coavenient since for eny givea configuestios the momentum ratio is directly propostional to the
peessure-drop ratio.

Two photographs were obtained of each sample to produce histograms of ths waes distribution
_ atssined sloag two great circles, The iadividosl colume beights thus obtsined were propostionel to the

local macs rate, end is the case of immiscible liguide & dual distribution was obteined that could be
esed to evaluate local mixture ratice. The peg tives wers projectedonto s ruled grid o2 original size
in crdoe o evaluste the column heighta. Calilvstod mstal rods wse! to detemuine the accurecy of this
techaique showad thet readinge goater thea 1.0 luch were in emor by lees than 1 por coat ead thet
exaller valuse could bo dot: :mined withlr 20.010 inch, - :

The balk of the *ate was chteined with the two izmiseible liquids, carbon tetrachloride end
watee. The CCl; was 99.9 per cont pure, aad watsr was eﬁympmwi&esmllqmmy of water
eoluble sigrosine {O.015% by weight) addsd is ondes to provide contrast br photegropbing and snalysing
the pemoles,

I cae sevico of acaplen keroesas wes ssbatitated for the CCl, o0 @ cue-point check oa the
effzet of W m@y. %8 effect of &i@cﬁaﬂi&y e Gl semsimed m‘mg wates a1 W wRier (Cf. Secticn
VIE-C).

The semerical values of physical p
presents: in Table V. ks oo es’ > wan @y eorvaet
chamges wore susll end wesld bave e segliy’ 2 effect en the revalis oknained,

3

Vit EVALUDATION OF SARPLES

i the consee of the experiments nees!. 600 scmplos were obtzined as & meees of evaluating 100
different test conditions. On the & wego each vample repricented date ot some $0 difierent points in the
speay; thua the local mese rete end local mixtme ratio were evaleatad for record epproximately 30,000
times. It is.obvices that the presesiation of sueh data by divect plotting would render them incompsebensible
end that the usefulncss and possibility for correlation of the information are dependsst upun & simplified
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method of evalmstion,

A Mesc Distribaticn

The mess disuibetion ettsised in 8 spray bes sigaificauce osly in essocistion with a pessi-
considecable bumlsg oa the impsrissce of these speny erliosia. For example, it might be requived o
prodace o valfom mees distsibution ot some ; vticdlar croas section of e rockst motor heviag o
trisogulereection combestiss chamber, Such & configuation (o eny other for thes waster) could
concolvably ko citslned with o elagle isjoctor but mese likely would bo appeoniwated with maltiple
eaits is ous of e inflaltc sumber of ways, Thus the pessibility of defining s cptimem distribution
peisera for & alagl: w&ﬂmhm&dm&bmmnmmh-mm

cosletngs foetst epesating o :dsioas very,
on chabor eocld bo m«mm mwmm

2y Io @22 in which tho lecal ol ; setle is conetont end egual

. m@mﬂmm&&mmmwmhmmwﬁdﬁdmwm&
omat: wistese satle fem the neudnel value &2 & sem’ v of & Twwent polsts withis the

] at to ecosi” for the entive opsay veluwe, it is posait ™y

that is indice "vs of the degron of wizing astais: 4 iz the

Y- =&
&

hecined in this vames is ivadogests in covesal reepecin. Fiset, since
the locol mistese rtie may le wmm 3 from save to inBinity, ¥ hog mmlm&w&w it
may be dse to the laflecnce of & vingle wlue of local sixtuse rmtio thet represe: 15 s ineignificant pomtica
of the tatel spray. Second, ecch sexpling poiet hov aa equal influsace regardless of the propestios of the
total opvey reprocsated. Thied, the ebeclute valee of & can hove coasidereble inflecuce on the magpitads

of the ceamsation. Th. ue misges nay be elinisated ae followe:
sodefining mintere ratio ee & weight froctica of one componsat to the totsl,
(ia ozdur to bo conaistent with common practice, the simmlatsd oxidizer appesss
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&8 the sumsator.)

2. By weighting the mintere-ratio differeuce on the besis of the fraction of the
totsl sample represented.
3. By using the ratio of the mixture-satio diffsrence to the somizal mixture retio.

Thus s mose suitable evalsation is obtained if

J -
r-x G (L)
Y* has liaits of a0 and 1.0; bowever, since r may be either largor or smaller thes R and
thoreby may bave either positive or ne ntive valess, Y* is mers or less seli-compensating aad farther-
woro {s dependent spon the & zel valse of B whe: R # 0.50. Both of these chasaer: “7ics mey So
elimionad if two tesms ase used cnd if it Ie acoumed thet the doparters of e local alntere retie
towasd cithor Umit he:. similer efioet o everell parformanes whes the mix :re-sntio differcace rer i3~
sonis an oguel pevcontagd of the tetal lncrement, Thi 2, I R bes & valzo of 0.8, s valse of ra 0.6 In
@er-%mh@mehm&bmm&eoﬁmﬁmmm%

equation for V' produse the fallowing resuls:

s () S o ()

¥" is o valus represcniing the dopastuve of the spray frem & nominel valus; if it is cubivactod
from 1.0, however, b csiteri: Locemes a messus of the per of the ayray thet con be cossidercd
to attain the sominal miztwe satie. In e eligh” - &fferent conception this velue ean represest the proximity

of the entire epray to the optizmam configureticn. Converting aloo & o seale fom w200 to 100,

. _ 25 Cow (B-7) Xng (R-¥
Em 100 {1 [ e + WE-D) ;

This, then, is the capirical equution thet wus esed to defise @ mizing foctor £ bosed ou the vesiation in
local mixtwre reido. This fzctor mey be esed to evalvate end compore spraye of differing
Wm@m & Horent ennuiliony

It should be soted thet the root-mean-oquare method was avoided sines it teads to accentunte the
larger diffevences which ia thie experinent were the most insceurate.

Vil

The mess distribstion ead mixiag factor of various sprays have been eveluated in order to aasess
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the relstive is:; ortance of streem dyssmics and configuration, In geaecul, whesever possible, euch
impostent verialie wes investigated indepeudeatly, When such investigation was not possible, e
sttsmpt wao mads to establick cignificast trends for s given configurstion and to verify such treads
for othee configumtions with & misizam emoust of data as chenges were made.

The more imporinat perameters iavestigated include momentum mtio, impingeusent angle, aree
scsle, and ares estio, A camory inv.stigstion of the inflesnce of fluid physicel propesties, inpiagement
distance, apd esergy evailable for mixing was eloo completed, With the exception of the data on wisei-
bility and ose poist obéained with kerosese, sll of the data ware obtaised with cesbon tetrachloride asd

water e the speayed fluids,

A Moss Distribetion

I o [opractiosd 85 repradace hose the lesge sumber of blstograme
e distibuiion obte!0d witk varloue coafigarstions. Howaver, mﬂn M
evolved thet provide consldarable vssistanes la dofinisg the dlstribation et less  in @ mmw P
B mn2t be eovembered that M M : 19 can epply caly to spmye produced by cireems haviag

eymmetries] and similer Sev-otoem veleslty m.

Figare 5 ehows the elliptical arese esetien thes is favesinbly i fova mk of etreazp heviag
equsl momeatn end ogual oifsetive inplagament eveas. The choage in donilation ccenming foe any eae
radis? erm mey be followed by standag with the right Belf of the upez -,&w%s ‘“%u & end continuing
similorly droegh 0« 75°% From this cerve rotowm to the ﬁ@&th@!eﬁm lower thots;

w w the gericn to § = 755, Stuilesly

mmwgmmmmdmm& *Wm@?@mmmm (@Mwmaf@aﬁ")t&g
satement doss rot apply to o slagle wwepeavwe?. In ol cases, regmdiess of cenligumation, cposating
conditicas, or Bxid m@@mm this o diswibz'sa of cach component §

mmyefﬂwéwwﬁmmﬂm | l@é%mﬂ@m&mm&eeﬂmﬁwoﬂm&l
vasietion of r froms 1.0 to 0 existed ecvans the 8-D exis with

1he aomies] value cecusing aleag the rooultsnt mowentun line. Thus at no tine was it possible to ausin

the optimam. The hypothesis states the  optimum mizisg will oecar et an inpingement engle of 180°%

howevez, the limitaticus of the equipmest did set allew en investigation of this configaration. No reelly
satisfactory explanstion of the peasiration phenomenon hos boea cuggeoted; thesefore iv mont bo ignored
for the pressat. Since the process was censistent eed reproducible, it cen be sssumed o be charsetevistic
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' of stresm impingement aad therefors in itself bas no sppreciable influsace upon the results obtained
in this isvestigation, In coatrast to the peasctration pheaomenon it should aloo be noted that, for
sprays produced by strzams of emual momestum asd sres ratio, the locel mixture ratio aloag the
oejor azis was searly cosstant end equel 1> the sominal value, In sctusl expesiments this condition
was sot sttsined exaetly, but the wend was consiztent, aad the vasiation i mixture ratio was small
enough to allow the sssumptios that suck would b the case for truly idesl streama,

The most sigrificant changs in maus dist-ibution was obtuised as momentum retio was varied.
Although Figure 15 includes the 5l otogrephs for 6 = (P only, it can be seen thet the maximu:: local
mass rote shifto along the 8-D axis in the direction of the high-momentem stream, As this shift tekes
place, the sy vy cross soction eseumes s kidney shape that is symmetrical about the B-D exis only.
A slmiler distribation changs cccurs s the wes rut! - dopurts from 1.0 becanse of the misimpingemost
of portions of the lezger etrsam, The linits of the silsct of nonsimiler ofisctive sven mtios can bo
viswalised whes a euvem o olso of e ponel] load iuplages upon & second stoan: 1 Inch in dismeter

hmu%;wwmmmmmammmmmﬁmwhmunum
proceoe heo momea: 1 oGl o the emall sivean. Howover, the total « mentum of the lerge otreem is
very lezgo a2 this pelzt; thes the poselblicy of oqus’ mementan exchunge is exeluded,

The chaago in spasiel diswibation praduced by verying the impingement uagls a is illustented
i Figwe lﬁ.&mhu!yl&emhaﬁm@uﬁ’ mi&ﬁ%&od@tbmﬂe&&ein&@dn@e
of tha sprey elong loth majer end minor exes increases o8 impingement sagle incveasnss, More importaat,
bowevez, iz the foet that ¢ diswibution retuiss the charactoric 'c Gevssien sbape. It may be soted
of the cerves to the spray limits et or nese the major & "5, For this reeson the balk of the data on other
vazinblon wes obseined w& en izpingsme:: sagle of 60° In interpreting duta of this ty, ¢ it is neceasary
istogreme show lecal a2 rates oa @ sphasical esmpling curface. These isa

rregeed (1) the affect of projecting the Jistrilution cevve to a plane &8 accomplished by
the eollector end (2} the ¢ "stively lesge total mase repiensnted by the outer &' v

By geserelizing cozsiderably ca the duen obi: 'zed, it is possible to make at least two statemenss
thet may eseiat in atilizieg the information ia & practical epplication (obvicusly sech generalitics must
elv. 78 be consideved ae infovior to and in lien of more quentitative, discrete inforwation):

i.  For e pair of inpisging st 2ms wherein the total momentom ratio is 1 and the
cosfigeretion is such tha: equal pesticc 2 of the momentsm available for mixirg
in dissipated ia the inpingement process, the mess distribution slong svy great
circle of the sphere having its ceater st the impingement point and pacsing
throngh the resultant momeaton lize may be defined by a Gaussien equation,

3
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2.  Pezetratios of the fluid of coe siream by the other is & cheracteristic
phenomenon and is emplified by isefficiest impingement configurations
because of aneqaal momesta sad/sr nzequel sffective impingement sroas.
Undes these conditions the spray croso sections obtained ere distorted and

nossymmetrical.
B Yeriadion in Mixtere Retle

ﬁewﬁsﬁondhulﬁmenﬁomnduudby&c&uniuﬁudi ever & ificant
mgneicixéiﬂisczmiab!u. (1) momentum ratio lfy/My; (2) impiz meat sngle a; (8) aves seale
l//l!. (8) ares matio A;/A,; (5) impingement loagth L; end (6) fluid physical properties. The pasameters
thet serve to ideatify th- geometrical coafigsation of the eprey ead conditicns of operat! 3 es Inecluded -
in Figare 1 and Table [fl. A typleal ses of date, dstermizod for ose sample and Inckuding o soccsmary
caleelated dats, s shown is Table VI. A dstalled oummany of the results ebtsl +d Is ales presented Is

Table M.

The consisteacy of the date and probable vestation due to emperinsonte! diflcultis: are lndioated
In Table VI, where dats for six differant osvies of sz gles ar: summasized, Tha fimmt tievs valess wees
obsained with the ssms et of osifiess et difforent times but vader os neadly idestlenl opesating eo: Hitlone
o possible. The last thrse valuse were obiained with eimiles eparating conditicas bt with :
of orifices snd varicss relative eonfi ioas of eno csifies to the ether. In gonem : ?
considered quite good even thovgh in eae w&e@vﬁa@m@m@y%wc@ed&am
As ean be sotsd in Teble 0, sixilsr checks bave beon mads for other con

L. E_uslMy/l, Usingse pmm;mxr of crifices, i8., 10E-T and 1F-T ({CL. Teble i), em
- p— hﬂ@'ﬁ of 0.5 inch, and & refetesce prossure drop of 160 pai, £,
pletsed ec the.ealid cuve is

1.0. By def’ ition B, mast Wmﬁ& sez0 ao & lower limit o the m B3
sroducing the shewed curve abowe. Ry plogiang the mmwi ef the momenten mtie

(symbs! x is Fig. I’i) it is sesz to be imeatesianl whi " way the ratic is writes, en tho eeme bas’s cerve

is retainod. A mormalized version of this curve plotted as & funetion of 1Y + (4,/0,)] chowe (.~ dashed

line in Fig. 17) the symnetey of the effect hout mmmm(mslm,-xﬁxmmmm

to the practical inplication that liguid-phase miveg is relatively inssaritive to momestem

@ mumantas ratio of 1.0, Contserily ey injection system bocomes g gressively dap:

rese on other mixieg mechenisms as the momentum ratio epproaches either limit,

2. E_ vs . The influence of impingement angle on £, wes elso determined .
10E-T ead 10F-T. The renge of inpisgement angles available with the impinging-jet memb!y wae g0t as
lerge as might be desired but included most of the values encountered in the ussel rocket dseiy . Figare 13
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shows the varistion of E_ witk a for two different momeatum ratios; iseop My/l5 = 1.0 and 0.6.
Vithin the range asd scatter of the data & suitable correlation cen be obtained with sirsight lines,
indicating that bettes mixing is obtained ot lower impingemeat angles and that regardless of
impingement angle better mixing is obtained for & womentum ratio of 1.0. A cosibestion correlation
ehowing increasing performance for o decressing from 90 ‘0 45° was obtained by Aerojet (Cf. Ref, 18)
fer & renge of a from 45 to 120°. In addition, Aerojet showed, by exteading the range through 120°,
that mini: om performance was obtaised for a = 90°. (In this report & is equivalent to y es wsed by
Asrojet.) Unforteantsly the data obtained from the tests soported hereis cannot subetantiate this fact
or refuts it, In thie case it mest be arzumed that mixing is dependeat 2ot only o8 the momentum (or
kinetic energy) available for mixiag be' also oa the time required for pessiration. Obvicsely froum s
sizict geometzical viewpoist pesetratios time epproaches & minimen for a = 90°, incressing es a
Mmheﬁﬁn%&mﬁu&gdn&h&“&cmmmmxﬁmu

the impingement engle epproaches acvo, thess maes bo o meximen valus betwoon 45 end 0F thet would
also b an optimen velve 3d mey or wey 8ol be secondasy 1o the bypothesized cptimun eccantag at
a = 180% Since the alops of the ewrv. obialved le rether low, the bezo”is to be expecied is raths: omall

rad thevelere did eot appar to Juntify the addlilons] experiment nocsosary to defizs tils eptimam,

is should be soted thes the valses of B abiained for a of 70 and 80° are probebly in emer te
some extent becsuse of the fact the: a postion of the spray wes not eas:led [CL, Fig, 16 end the (S Cu)/?"
coluas of Toble fill. Tho nissing porticn conelet: of the outer end- of the elliptical section whersver the
mray-cone eagle excsedod 100°, the maxinem inteveopt engle of the cdlectsr. Sines thie portion of the
myaw&am‘wﬁa""‘m&yﬁmmﬁcm velee. £ eo calcuisiad would be
somewhat low. Ie ceder to oliminate the p bty ;
the wae: zume permissibls sprey cross sectios, an implagemest
3. E_ vs impingemant distence. H it iv asoumed that the streams retain ¢ cylindrical eross
section fom the crifice oxzit to the i, ‘ngomset point end that dyacmie conditions eze not chonged over
this distmace, there wppenss to be rolegical mesen wiy the inpingemont dotsmee (&ste oo from csifice

&%&3 of 0.28, 6.50, end 0.7 inch moduced E_ valuen of 74.87, 7545 (averege of six

mm), end 73.91, respectivaly, to cel tantiots this etatomeat for the ccndition wheve My/Hy = 4,/4g =
1.0. Is &}l ethier configurations the inpiagement distance was fived at 0.5 fnch. _

& B vs ares scale. A ¢ wwination of the effect of the acale of erifice arca oz ligridphaee
mizing wes prerequisits to the inve. igetion of the effec: of dismater retio.

Four peire of erifices (theve in eddition to the pair used to obizin the data on mementum ratio,
inpingewment asgle, end impingemest length) were ssed for thin postion of the investigation to covera
renge of eveas from 1.258 x 1072 sq in. through 4.85 x 1073 eq in. Based o2 the ::a of the omallest
crifice of the eeries, these orifices provide eres-geale factavs of 1.0, 1.75, 2.59, asd 3.75. In all cases
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the orifices wero provided with moactosic entrice, s turbulence-inducing roughened surface for
appeoximaiely 5 diameters from the entry ead, sad s totel length of about 22 orifice diameters. The
fabeication detsile sre spmmerized in Table II.

Bofor: ettempting to evaluate the liquid-phane mixing, the spatisl distribation of the spray
formed with exch pair of orifices was utiliz: 4 to indicate the sym otry end similarity of the dynamic
duam;?;’:wofﬁotub-'mmn:ﬁ-poinoihpa.hc&iow«:ae,mw-dhb&
streams, end iwes assumod that the mass distribstion of the ligeid in the spray must ettaie @ near
Geusesiss distilietion aloag both axes of the elliptical cross sectiv.o. Fusthenmore, since it was
intended thet fie treems should by symmetrical, it was required that this same distribution be
rotsined fow ey solative position of t'io two streams. Thus the spetiel distribution of the spray was
determined for m initial reference position, sad subsoquent samples were obtained for diffecest
radiel positicanof each complete basrsl es. wmbly; when nocessesy, the surface roughness of the
erifices wew adssted entll o semples of cuch o esele wese neasly ideatical, Afice the symaewy
eod simllerley ofthe bes-oweam Mm{m thus cotabliz! -4, esmples wer. obtalsed with earbos
tszachlovid end water in crdee to oveluae the ligeid; hese mixing.

The nidng fector was dotermlinod for cach palr of erifices for throe momentam ratios ot e
nﬁo&@mﬁﬁm&m@@é@ 28 sagles ot & momantum ratle of 1.0. The dete eve
Wn&ﬁéﬁmeﬁ en evorrosale faeter in Figwe 19. Altbough the limito ave 0t defined end the
ebm@shmmmmﬁ sezpeged with aves cheng 19, the peasly lincar tread towand bigher
eizing factovs with ccifics esca i st and eenent be ignored for the cace where the mommaten
ragio 1o noer 1.0.6 & cace of the date br momentes: matise of 8.5 2ad 1.67, e scatter o the dain
is lesgor them thechenge dus o ¢ possible trend, and a best fit may be obisiac! by dmwisg a single
etzaight line of swe alope for both sets of data.

The foct et & seale effoct was ebtnined not crly cumplicases the annlynis of wea-ratio date
Mwmmmw!awwpmqwm@zewmﬁmm&emwmlxmdmam
efficiont meone? 3 the ciean diometer incronses or that the iscrease in kivetic erergy available for
mixing end/or theintrense in Wl@ uumber influences both seale end wagaitede of siyrer - tasbelence
20 &5 t0 incvease sining. However, neither poasibility can be verifiad wntil move suiteble experimenal
technicues o awilelle. Theso e eleo the prasih’ iy thas the exporimental dete ere in esvor, but in
view of the siudlaity in elope fiz the ce ves obiained ot thren diffsrent impingenent eagles and the
consisteacy of thwe data with thee - obleined on inpizgenent engle snd momentum retio, the possibility
soems rather reman. At this weiting it cas osly be ecacluded thes, for otherwise optimum conditicss, a
scele effect existy & 1 over the range investigeic ! is evalusted by the data presented in Figare 19,

S.  E_w arec ratio. As bas eiready beea pointed out (Cf. Section II), the cross-sectionsl Q
szes of the streamhas eig ificance caly to the extent thet it might deteinine that portion of the stream
which is eSsetivein the impingoment process. Is the cass of & single pair of streams of cizculer cross
section, this effedive sven must be divestly proportiondl to the strenm eross section; thus within these
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restrictions & correlation with « relatively simple criterion is permissible.

Combiniag individual orifices of different sizes from the seme four pairs of orifices which
were ssed to cvaluate the effect of area scale resuited in ares ratics verying from 0,261 through 1.690
in eight stsps. Data were obtained on each pair for the coaditions where ¥/, = 1.0 and a = 60,
Although this procedurs required the combinstion of ozifices of sppreciably diffsrent scale, the order
of maguitade of the previously detecmine’ scale effect eould hardly sccoust for the scatter aad incon-
sistency of the date shown in Figure 20, wheve £ is plotied e & fuaction of arca ratio. Since it hed
slready been domonstratcd (CL. Teble VII) that the experimental tecknique was considerably beticr thas
these data might indicate, it was veceseary o coaclude tho! some ssaccosnted-for varishle was exonting
s velatively large effsct upon the resulta. Exteasion of the dats to cover & rasge of momentum smtios for
two specific erea ratios, i.0., 4)/Ag = 0,671 and 0439, produced the family of curves ebown is Figere 21.
In the cess of the carvo for A;/4y = 0439, whore caly thwec expesimental poisis ia additics to the wrigia
@z evailabie, some doubt muss reweln es to ¢ szast position of he curve. Howwwez, ia pader to bo come
elotent with the other data this carve west take the epproximete chape as shows, ead ia ey czss comeld-
esable fexibility is elloweble witheut matesially affecting tic remainder of this dlscusalon. Asids fom
this discropancy the ewrves eve well established with very lintle seatter of the experimental polnte, This
factor ls importent becanss it sbows that eossistent date oz be obtalned as loag es & slagls pale of
crifices is waod, thoreby cebstemtioting the seceracy of the tschaique. At the cene time the data point
out &2 lesst two possible asemalics in se for as the firet by pothosis is comer -sd. IR may be noted thes
the maximen valse of £, (sad hence polst of best mixizg) occere for womentum mtic less then 1.0 a8 the
esos vatio becomes exaller then 1.0: ke is elas eoen thas this ckif ia the maxinw: point for & given area
mwammmdbya« tucseese in the valee of E_ . Considering the mexima for all area ratics, e

imam peint epparently occe: 3 in the region where 4;/4, > 0.7 ead iy/H, ~0.81.

Althoagh pesfectly eniteble explaneticss of these characteristica bave not boea devised, it is
peasible to indientn cortmin wochaaioms thet cosld cenceivably predece the obaarved offects. It is
firly simple to retionalize the chang: ia momontum mitio required to produce the maxinum velve of £
for erea patios net ¢ 3ol to 1.0 if it ic essened thet momentem ratio is actuslly the controlling factor.
Since the aroa peties aze 1ot the & '3, @ postion of the lesger sweem ic eliminated { » the implagement
process; therefor - he beat mini _ ohoeld cceer whe. e effective pontion of the leger etveam (i.e., the
portion eatering iato the impiagen:eat process) hes womentum equal to the total momeatum of the smaller
stzeam. Thae, ap aves ralis deczonses, the total momentem ratio for best wixing also decreases. ki in.
quite likely thes the offective impiageeont ezea veries with momentum rado; therefore thoe offect is not
linear.

Agother appercst anomaly ie considesably move difficult to explain; though the mecheni=m is ot
catirely clear, it appears to be due to the influence of the kinetic energy evailable for mixing. Therefore
the criginel sssumption wharein the velotity tem wastc’ 52 to be relatively uaimportant is not valid,
Th: velocity in itself may have significance since it definen the mean velocity differential that may
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exist betweea the two liguids; indirectly its associatica with Reynolds sumber may be indicative

of the scale and level of turbelence ettsined in the stream, which in tern may influence mixing.

It soema more likely, howsver. that & more direct correlation may be obtaised if velocity is combined
with momentsm to give kinetic enezgy. It shosld be pointed out thet experimental evidencs does aot
indicate thet kinetic energy con boused to sxpplent & =omeatam correlstios sizce momentsm is il
important in controlling the impingement procese and therefors the mase distributios. It eppeass more
likely ti-og kinctic energy may be usod to comelate an effect on mixing thet is due primerily to
change in the lovel or quantity of ensegy aveileble.

Usfortznatsly, at least in the light of bindsight, the course of the ex; sriment did not allow
for poesible chesges in kisetic onargy. Howsver, calculating the enargy available for mixing (dsfined
= the component of the total kinetic easrgy of & streem that ia perpendicular to the resdltent momentum
M&”hhﬁlﬂdhmwﬁuo).mmm&wmmmm
Mbﬁﬁw of emrvan &‘@B@W&ﬁ@ﬂw ﬁomkﬁ&? SRR i &&\ ammﬁm
dhmwwcﬂawﬁamm:mm&smm”&emﬁ“ﬁnhw
s-demetor esifice et 100-psl prezawme &y Thus

Saee the kintic comsy as just defined is bocod on mase mie; it is @ cpecific guantlty, baviag the mite
lh/sce.

The thee”. cwves of Figue 21 bave beos reproduced in Figere 22, end th- kinetic encrgy evaileble
for mixing hee be = exp sd ia osdsr to illeotrete the sinilarvity in troade. Olviossly e comelation
is zotal . lo spd io implied rcher than proved; it is clews, bowoves, thet the incrsase in kisetic enmgy
ercilable for mizxiag ceuld bave produced the chemved effect. Rt iv elso seen thet the effects of evea rusio

moatnm reii becoms relc tively laoge av theie dopezture from 1.0 incronsen.

E i intoventing to noto that, i the dirnge in e rtie bed booe oltadns ” by decreaniag the area
of the water crifice (suboeript 1) lastond of in -csing the even of the ceshon tetvachloride ewifice (sal
seript 4, theoe offocts could ws; well bave goue wanolticed. I the implicetionn of the reslis ere extendsd
to this swesws sitsatien, it is soen thes o centizesusly dowve sing value for £ could be expected and thes

would undoubtedly bave been estril tod to the chenge in wres wis alone.

Simes it eppears poosible to izolate the effect of kinetic eaergy mevoly by vasylag jet velecity is
an oherwise identical ccnfigmation (seglocti g the possible lafluencs of ateam tuzbulence), & small
qusatity of data was obteined with this oud in view by verying opeseting pressere drop esd liy. “d pro-
pestios. Figee 28 sunmorizee thene dats in o plet of Esm E(KE'),, wﬁéml!@g@oﬁm
drop fromn 25 through 200 psi with the system CCl, aod H,0 ead incleded mixisg factors for the systes
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wster-kerosene st & pressure drop of 100 pei. Although the systems wator-water is not strictly
similar since it includes the effect of miscibility, oae poiat sbtsined with this sywtem st 100 pei
is also included, Is all of these tests momentam ratio and ares ratio were fixed st 1.0, It is seen
that, even though experimental errors appeaz to be inconsistently large, the trend of increased
mixing with incressed svailsble energy ie unmistekable. This tread serves to verify the supposed
influeaces of kinetic energy ou the data for ares ratio (C'. Fig. 21) end perhaps also indicutes one
explenstion for increased mixing with incressing erea scale (Cf. Fig. 19).

The discrepancies between hypothesis and experiment introduced by the data for aven scale
and ares retio are certainly resl and the:-fove caanot be igoored. However, it was believed that refine-
ment of this isvestigation to the poist whore & move rigosous correlation betweea mixing ead stream
dynemics ie obtained could not be wasranted ¢ this time. It would appear necessasy to establish the
inflaence of liquid-phese mizing and mess distribetios on combustion phenomens before attempting
te ispeove thees dr % It chould elso bs polate sut that it has beon proved e sumber of times within
this favestigation (Cf. Figs. 18 through 20) that the dotsimental influcnce of momentuw ratics and
lsplag-nent evce become cverpowering as eliher or both of thess quantities ettals valuss beycnd
the spprorims 2 limlts of 0.6 and 1.67; therefore the cxact comclation of the eccindasy pazemctors
bas limited spplication withont effscting the geseral ccaclaslons.

C Phyaleo! Pragartic: of Lissids

The physical propecties of liguids thet could conceivably influsnce lignid-phace mixisg isclads
deasity, viscosity, curface ¢ ision, aud, whes two liquids muast be considered simultecessly, miseibility.
Deasity is inporiant bocenes of its influe:. - on siveen dynamice and thesefore is incorpurated in o
comrelation with memsetes or kivetic energy. For meat practicel epplicaticas where dyoamic forces of &
stream are very lasgo in compsrisosa with swioce phenomens, the ~wiace-tension effecis con be ignosod.
Viscosity probebly bes its most proscunced effect in the portion of the miviag process thet is acconplished
by taxbolet Effusion wd/or mons transfer. Since the bulk of the dow indicated thes these effects were
emall for Ge vange of h .e varishics cncvumtered, mo atteapt wen made to chiein complete comelations.
Howeves, one deternination of £ for /By = 4;/A4 = 1.0 wher o = 60 wu completed weiag the system
ketcaens wbemdmmtymxom%m&&ee@o&uwmnymm 1.2 (kesoccne 1o water),
mp&edvmh 1.6 &z 1.0, rogpectively, foe the syuten corbon tetrechloride and water. As was noea in
Figare 24, the elight change noted in £, coeld be entirely accounted for by the chasge in kinetic e1.30gy.

Is view of the lack of knowledgs concemieg the mecheniom thet ¢ *crmines miseinility, in
pasticuiar with reepect to rate and progostion (Cf, Rel. 1), and the difficelty in seperating mixing of
miscible liguids from enmlsification of immiscible liquide (a metter of scale orly), no site:t was made
to obtain s discrete evaluai’oa of the influence of miscibility es such on the mixing process. On the
other hend, curiosity and the poasibility of major efiects led to & three-point dotermination of £ using
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the system water-dyed water. The mixing factor was determined for three values of momentum retio,
is0sy 0.6, 1.0 and 1.67, with an ares ratio of 1.0 sad impingement angle of 60°.

In gzneral, the technique used to obtain data oz miscible liquids is similar to the method
already described (Cf. Section V) for investigating immiscible liquids. However, it is obvious that
the evaluation of local mixture ratio must be accomplisked in & different mamner. The analysis of
zay ome of @ sumbee of physical propesties of a mixed sample of two suitable liquids would yield
similar results (for instence, density, viscosity, suriace tension, acidity, etc.), but for preseat
pusposes & photometric technique was chosen wherein ope composent contained & known concen-
tration of water-soluble nizposine dye and the other remsined clear. Thus by determining the dye
concenimtion of a mixed sample it was possible to determine the local mixture retio. This method
bad cozsiderable prefevence since the photometsic amslysis could be completed while the sample
remeined in the collector, thereby eliminsting the hasdling problem,

Tis spparetus shows In Figuro 24 is esoentislly & o' sple deasitometer, Tho maximem
allowable dys concent:.ddoa, which we - determized by the photocell esnslsivity ead metimem lasp
istensity, wos somewhas less thes 0.1 per cent by welght, & aco It was sot expected that the maxi-
mam concemtration would appeer is eay acizal semple, a concontration of 0.1 per cont was wsed for
oze compoaent of the eprays. fr esder to obteln sufficlest accuruey (envrs of the esder of £1%) it
was secessary to be able to evaluate dye concenirations to Joee thas 10.001 per cent. This sensitivity
wes olksised by adjusting the photocell to provide e Z-millivels recosder inpe’ for ench 0.001 por cem
chungs indye concemteation. The effsctive range of the photocell wet thes extendod ot thie same
sensitivity by veryiag the lamp sepply wolteg: in stswise incvemonis. Judicious use of & newirel-
dsusity light filter (6.4% treasa’ 2aion) served to double the rangs again. A family of celibration
curves wes Pees obt:ined thes provided & meess of determining the dye concentration of any unknown
mizture of water eud dyed water (betwees the limits of zere and 0.1%). With this informetion the local
mixture ratio » could be deteemined since

rel - —Bi-‘;
K
Iz sll cases it was necessary to add e dileent to & pestio:. of the sample in order to obiais =
saificient quemtity of ligaid for anelysis. In additicn to &~ concenwration dotermination of the diluted
semple, 1t was pecesesty to know the quentity of sample ead ‘he geentity of dilecat. These dats, were
determined from phowgraphe teken before end after diluting. The photograph before diluting woa also
eapioyed i determine the local flow rates used to weight the values of local mixt: > ratio. With these

dats the iocal mixture retio was obtained from the expression

Page 28



Jot Propulsion Lebo rasory Pregress Repert Ne. 20-195

Thie equatios is sctually & simplified form of

¥
B, - —"" (B,-8) + B,

8

"~ ~ The data obtained with this system are sunmerized iz Table VIII, end it may be soen thet,
even after allowing for a slight incresse in availsble kisetic esergy, the value of £, for ¥,/i, = 1.0
i» higher by nearly 10 per ceat then & comparable vales obtained with immiscible liquids. Although
this increase could be sttributed to the effect of miscibility, it is dangemus to meke conclusive
-statements on the streagth of those thres points. E can be said, however, that the effect shows i
certainly in the proper direction, and it is interesting to note that cace egain the iuflucace of &
secondesy parsmeter does not alter the characierisiic effect of changing momentam ratio.

X LIQUID-PHASE BUGRG AND INJECTOR DESIGN

A rigorous application of the rsaults of this invesiigation to the design of wocket-motor
iajeetors is dependent upon prios knowledgo of the requiremeats of en eptimum combuation ceafigns
etion. Of pasticules eig ‘ficence aws the spocifiention snd determination of certain prescaction con-
ditions that include maos distribution and veriatim i lo: 2l mixtere mtio. Usfostanately such infor
mation is sot yet evaileble. However, if the basic sssuspticn is made that optivam injectica is
irevocably esociated with meas distribation and local mistere ratio, thea wethods for prodicting
ead controlling theso two besic paremeters peovide in pa:: @ souad and logical basis for injector
design. Thie, of consne, was the prinary objective of this investigation.

hw&ams@!y&cmkswm&@wwi@m@mdwﬁﬁmﬂw
make sevesa] other ensumptions which can be vesified ealy by combustion expericnce:

1. The data eso restricted in the asnse thet they cas oIy 10 impinging-ctreen
injectore enly. Thio conditien doss uot nocesemsily exclude splash-plute
ez for deflectorplate injectors.

2.  Although the mess-diet ibetivn dats may epply to moz wopellent injectors
eeing impinging otreams, the most freirful application is in the field of
hiliquid injection.

3, It is imperative that the sirezme uased in the impingement process have known
and controllable &y umic charactesistics, i.e., similer ead symmetsical velocity
peofiles in 2 stable free stremm.

4. It must bo essumed that the eszential cheracteristics of s spray produced with
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eosreactive liquids in o miatively quiescent ayetem are slso produced in

s combustion chamber with reacting liguiee. ‘12is sssumption becomen
reasonsble sisce mixing lengths of & few stream diameters esually represent
mixisg times of 1 millisec or less. ‘

5.  Optimum combustios occurs for uniform local wix:are ratio.

6. The mess distribution can be controlled either by saiteble awvangement of
mulitiple spraye or by combastivo-chamber confignration.

7.  The momeatnm ratio (totel for each propellast) must be equal 10 1.0, 284 the
effective izpingement aress must be equal to 1.0, (For cylindrical strecms,
cross-sectionsl erces are assumed to be sigaificant.)

8.  Secondary effecte duo to impingement angle, eres scele, and casrgy levels can
be igaorad is lies of obiaining sultable mese diswibetle:. and opermting couditioas
a8 least until grove effects bave booe evalusted from the combustion viewpeiat,

It ¢an thus be sees that the phyeleal ccafigumatic: of any injector must be determined by two
prerequivites, (8. #)/M; = 1.0 aad 4;/4, = 1.0, and by the chenleal properties of @ spocilic pro-
pallsag combization. The impast of the inplicatisas of thie last statoment becomas appsreet caly when
it is pealized thet with most peopellent eystems it e lapossible to satisly oll of the necessasy conditicns
ssing a single paie of cylind:ical ixpinging streams. :

For exaw jle, if an optimens injecior ie peeded for the acidemiline propellast eystem to op: 212
at & mixtre miio rf = 4.0, the following equeaticas must be satisfied:

B 5N

—_— = 1.0 1
1 v 1 ¢ @
R

4 - B850, = 1.0 (3)

4 B4,

From Equstious (1) asd (2} it is seen thet ¥ /¥, muet equal 4.0; in crder to satisfy Equation (3), bowever,
if 8,/8, ir wkea es 1.5, thea V,/V, uust equal 1.5/4, or 0.375, obviously & impoesible siteation. The
degree of incompatilility is indicnted by the very large discrepancy between the two velocity retios, i.e.,
a factor of neatly tea times, and is used here to illustrate one important fact: The usual impinging - ream
injector is designed a6 & matter of convenience to conform o & 1:1 impinging stream operating st some
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usually sot too well-defized injector presoure drop aad whatever orifice ases is required to produce
a predetermined mixture ratio. As far as mixing ead distribation are concernod, such injectors
caanot b expscted to bave eny similarity to optisam desiga.

Fortunately the situation is 0ot as hopelces as is indicated since there eppesr to be ot least
two approsches to & suiteble solution of the problem. These spproachenare in ediition to the oae thet
assumss & large sumber of svailable fuel-oxidizer combinsticns having vecy large ranges of specific
gravities and hence mixture ratios whick would provide means of wsing a 1:1 inpingisg streem o8 an
optimam coafigaration. ks the practical case this condition seldom exists (LOy-emu:snie being &
notable exception), aad it ic nocessery to revert to 8 more essthy solution. The problem es just
ostlined is adwittedly coe of the more difficuls though by 20 means zacommon because of the fact
thet deasity ratio is reletively smell and that the required mixture ratio is quits lazge,

The firet type of coluticn cousiets of & cempromise wherels momentum retio and ares ratio
adjusted es neer a5y o cutlefy tho equations sed yet sisy ©o neer e possible to the optimum
mﬁmsdl.ﬂ.hbdmmﬁﬂcc&nn@nmﬁawﬂ&hm“s’ganodwimm ‘able sectifice.
U Equatioes (1) end (8) ars combined it is found that

2
4 - (_1_) 8 7))
H: 4" o 81 '

Sebutitating veluss of this problem leadn to the eme!mmihs&nmhekof ¥/, and A,/ 4; wast
hmm«.’"&md%mmﬂ,&wmﬂémwmﬁmmo{m&%ﬁwﬁub&em
of Figeres 20 end 21 chows that this condinstion resslts in en extremoly poor coafigusation. Reducing
the desiga mixt e re’ s to 3.0 wonld help considerably since (f /Mo 4;/45) cocld be of the order of
0.4, ket even & 3 condition is fur from e optimum,

mﬁmimﬂm&mﬁwywvmmﬂeudpﬁwymmwhl
the disedveninge thet it reqmizes some extrapeletion of the avafable dute. In coscnce this method teken
advastage of e fact thet the ares ratio involved ia the stedy is the effctive impingemeat eres; it is
sacelled thes the crvon-sectisnnl erea of the stromm has signifies: ze el for & paie of ¢ vams of
eylied. 4 ¢ .tiea. Thas in practics it may be possible to use melviple cweams of oue component
inpinging oo 2 vingle ! sawm of the second component or to ses sireame of sonsymmetrical ead
aoasimilar crosn soction. Using the firat echeme and retarning agnin to the injector problem with the

equation

B 4 1V 3 ®)

where 4' is the wca of one of ¥ holes, it ia found that ¥ must be 9+ for ¥)/M, = 1.0and r* = 4.0, or
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if My/My =07 aad r’ = 3.0, thes N2 4. In ordes to ellow the indicased extrapolation, it must be
assumed that the effective momentum interchange betwees each etream of the multiple asrey and
some segmens of the single sirean is equul. Obviously the use of circuler streams in symmetrical
arresgewest ces oaly spproximate this condition, and it is extremely dobtful thet the extrapolation
could be cesried far encugh to justify the wse of & 9:1 configwation. Howeves, es can beo seer from
the accompanying sketch, the wee of 4:1 does uot eppoar usreasonaile. If each quarter sogment of

%-‘ﬁ-+ .

the ceatral fecl streum io considored to ect separately, it is sces thet the eoz iition of equel avee
ratio end of egasl e fev each of bow peive of oweams bas been imated. B chould be
remumbeored thut for dids propellont oyoten thie is ot best « fajr epprenimation to conditicns for
optinysm mixizg ket even oo is 8 fo. coy from the woual rocket-motor injoctor. B2 should elso be
pointed out thes & lest cale-lation (from Eq. 3) chowa thet the pr wuro-drop ratio required to ettzin
theas conditicns is the reciproeal of the srea mio, er in !> eose 4.0,

The poesil’s coafigmations of injector denigen using noncylindsical etreams eve neerdly
wnlinited and thezefore are not discunsed here excopt to poist out thet there is vo reasen to b ™
it the eonclunions prensated are vol direcily epplicatle 1o suck sireams sad that this eppros:
the iem of intectors foz W@W“m* syotens opesatis, at ﬁ@ mintuge fetio epresss i be the most

CERRORS

1t io not intended to imply that liqe' ‘phase mizing and mase distribetios ere the acly f toss
costrolling rocket-zantor performance ot thet adeqeate coatrel aad specification of these chavactoristics
will b & caze-2!} for mest rockes problems. Howeves, the cossistency with which wost combastion
phenimena aze associated with the injector end ite components is certainly indicstive of the importance
of injection phenomena as such. Thus it mey be concleded that coatrol and cosvelation of injectioa
processes ere prerequisite to undemstandieg the subsequent combastion phesomens, It is bopod that
the information presented herein will provide a small past of the nccesaery information.
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SURMARY OF RESULTS AND CONCLUSIONS

A techrigu> for evaluating the liquidphese mixing of & pair of inpinging streams hav been
devised, and & sumber of controlling psrameters hdve been investigated,

In gemeral, it has been shown thet the mixing and distribution ettained in the spray from &
pair of impisging streams having good dynamic chesacteristics may be optic:ized in say confignration
by controlling dynsmic chesactevistics but that idesl mixing can be sttsined with caly o2 pasticslar
arangemest. The optimem coafigeration is approached wader the following conditions:

L
2
&

9.

The total momestem ratio spproeche: unity.

The offec:’ve impingement eses ratio epproaches usity.

The implagemszt eagle is eppronimately 45° (The enparic ute isdicated osly
thet mizing improved es implagemens angle decroaved from 90 to 45°.)

The kinetle eacsgy availeble foe mlilag eppmeches a naxlmun whes referred
to eay predotormined fxed lovel. ‘

The t=fluenca of absoluie eise of the effcctive impingens ¢ exca is small bat
g weed oo ecele inereones,

show. on inereasis
The effoct o/ impingemest lesgth oo such ie negligibl-.

Acids Giom en effoct on the hydenlic chamacieristi. .. of tho osifices due to
chenges in Reynolds sumber, changes in fluid propesties nflucace mixing only
to the extest of the chenge in siresm dynamics.

The varission of local msse rete acres @y grest circle of the sphericel surface
about the impisgement point for @ peir of streans of optinum configeeation & 1y
be dofined by a near Gesssien distril Joz. The cress section of ¢ dynamically
belenced epray bes an elliptizal bosadary in the plope perpendicaler to the
resaltsat momentam live, Within limic the lengy. of the mejor axis of the ellipse
which io sligned pespendicular to the plane of the swc s center lizes is s
function of impisgement sngle.

The dynamic cheractssistics of the fi-2 streams have marked influence on siream
siability, en spatial diswibution, sad, to some extest, ou liguid-phase mixizy,
Stroam dypamics are controlled by upstreasm conditi- & orifice Reynolds number,
and orifice design; the data availe’ s indicated that optimum stream paire require
symmetzical, aimilaz {oely in lien of eaiform), and ctable free-stream velocity
profiles. '
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10.

11.

From the limited dats available it might be coacluded that miscibility is an
&id 0 mixing b=t does not alter the characteristic effect of varying momentum
retio.

The date obtsined provide in pest a logical basis for rocket-motor injector
wpc
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TABLE |
NOMENCLATURE

o = major semi-axis of arifice eatzy contour.

4 = orifice sres (sq in.); subecript 1 refers to a water system, and subscri;: 2 to & system using

e immiscible liguid,
A, = portion of s spherical suriace represented by s sample.
A, = cross-sectional area of 2 sampling tube = 0,0227 sq ia.
b = minor semi-cris of orifice eatry contour.
B; = concentratic:: of dys in diluent (wt %).
B = dye concenwration of & diluted mixtuse (wt %).
B, = dye concentration of & mixed sampie (wt ).
C = erea comection facwor = 4,/4,
D= oifles diamsiar,
E,, = mizing factor,
¢ = guvitatiosal goactsat = 32.3 ft/eec?,
b w columa belght (3u.).
K = dye concentration in one componeat (wt %),
KE = kinetic esorgy pee sec (Ib) = #V%/2 = F//2g.
L = impingement distance.
L’= cifice longth.
L”= lesgth of roughened orifice section.
¥ = momentem per sec = (F/g)V.
n = aenber of semples with r < A.
r = pumber of semplea withr> R
2°= totel sumber of points sampled.
AP = presmwre drop across crifice.
r= local mixture retio = we/lwy + wy).
7= local v e retic for polnis vhese s> B
r’a Fo/U,.
R = nominal mixtere retio = Fy/(Fy + Fy ).
t= time (sec),
U = meximom diameter of contour entey.
¥ = velecity (R/sec).
w=total locel weight flow rate of & epray.
F = total weigh: flow rate {Ib/sec) or nominal weight flow rate of a spray.
V; = weight of dilueat added to saaple (b).
¥, = weight of sample (Ib).
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TABLE | (Cont’d)

Y= cmgsn!uoi&cdi-ﬂcembemuloeddmnﬁondwnbd-ixuunﬁo.

Y’= weighted average value of retio of differeace between local mixture ratio aad sominal mixture
ratio o = fraction of the nomina! value,

Y” = averags aad weighted value of departure of spray from nominel mixture ratio,

a= impizsgemest asgle; total aagle included between siream center lines.

ye uﬂchmhumﬁmmlmuudmmhndw takea
to be positive for clockwise rotation of stresm bizector.

8= weight dessity of liquid (Ib/cu &),
€= roughness factor = radius/magpii: Je of surface projection.

0= asngls of rotetion of collector about the resuitant momentem line imn aa arbitrery vefesence
pauiﬁon takes we sero when the B-D axis is aligaed in the plesc of the stream ceitev lines,

Subseripto i

1= first ccmponcat of @ speay (slwmulatiag o fucl),
2w second componeat of @ spray (simalating ez exiizer),
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TABLE U

ORIFICE INSERTS USED TO STUDY LIQUID-PHASE MIXING

OF A PAIR OF INPINGING STREAMS
po v -

l"L" ¢~ b U
_1___ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\K'\'wi\'x\‘-‘ ——l———l'

A A RIARARNRNURNRRRRNANY ANARAA

ORIFICE
DIAMETER

CONTOURED ENTRY
ROUGH SURFACE

) Genoral Spociiications

s 18 b
Odifice | A . For Redial® Contour For Elliptical® Coatour ~,
Dismete. | {sqis. | Scale | 2o/D| U Qrifice  12a/D 1 26/D} U Orifice
() |x10% | Fecwor lmﬂ'f*fm Mm;{:egm

00400 | 1286 1.0 §.67 | 0.278 9

0.0229 21.981 1.78 | 4.8% | G287 10 261 | 240 | 0177 1
0.0538 3143 | 2.50 | 3.71 | 0.269 11 7.87 i 1.97 | 0.188 2
0.0785 47307 3.75 | 3.00 | 0314 12 6.36 | 1.5% | 0203 3
(R 62.801 5.00 562 | 1.41 | 0214 4
01058 9430 | 7.50 457 | 1.16 | 0.224 S
01250 [1356 [10.0 4.00 | 1.00 | 0256 6
Yost Orifices
m ;
{isifice L/D e Roughening L*/D
Ko (straight) Technique {rough)
24® 39 waknovwa machived suzface noBe
24, 58 8.0
oE-T, 95-T,
%’l‘: o T 22.0 6.6 0.0469 by 80-thread tep 6.2
%g%ﬁ %gjf:;?;' . 22.0 65 Ho. (-89 tap 6.0
1B 5.0 unknown machined suzface Boge
1iE-T, 11F-T 22.0 6.3 0.0732 by §0-thread iap 3.5
12C-T, 128-T 220 34 Ko. 3-56 tap 35
138-T, 12F-T 2.0 6.5 0.0805 by 80-thread tap 0.14

BComtour is conatant for oll dismetess bosed an mialzmm rofiss of LSXD for & 8135 in~dlametot otillzas
SComtous is congtaat for all diemstevs besed on ea elliges with 20/D=4.0 aed 25/D=1.0 for & 0,125-ia dismster

©The asmber in this columa in sssigned to arifices incorporating the ieted di
95 atoco-rougusse fector € io equal to rediva divided by magnitude of surlsce prajection.
®Letter following orifice identification azmber & ive arifices having same diemater snd enkry conmtons.

o,

£} sttec T wpended to orifice idestification zumber signifies thet the surface was roughened by tapping.

o

Pege 37



Jot Propulsion Leberatery

Progsess Report Ne. 20-195

_ *1yfys
Si Bo 3 Weone pua y10) o1 U0 of | Wesie YoQe pER STIARIOLD ptEts o] SOEY] MITES WRONE ST) JO 0I000IY ok oYM eapipeed 8y 4 jo wdio ny g q

*(¢ 1diaoeqam) iy pae (t WuoewEe) stea palp om sppdy) podesde o PO “5f 9o = 7 ‘pojjioads sajmioqio svelap

$2'99] 0655°0 | o'y | zop ) £6L° | 001{ 96% | 181 8+ | 09 w Wil 4 4 | sLr-eon
1°0L| 9990°0 | T , 932 ¢s 8oL | 6OL| 18F | 100 24 | 09 821 891+ €91
68'6L) 0690 | ort | A Fy gor | oor|{see! o % o1 291-281
SYoL| L6sT'l | z9'0 gor | oot{ese| o 08 o1 931-191
8U09) 89550 | &1 190° | 09 [ 089 (9546~ 0L *o 081591
oL BseY | et ee | ootieee! o |ou % wWi-6¢1
99| zoevo | Set e | 09 oz 889~ 08 %0 8ET- 801
. sreLivevro | ert g9 | ootigee| o 0% o't o1~ L2t
26°59 | 069970 | ort e | 09 |08 | 08,8~ o0 ] 93121
4rel | 08490 o | 192 ¢o | og® (T8~ 8% [} 0%t-S1t
$2°08 | S065°0 | vTn s | ootjser| o o o1 $11-601
ge's68 | 060 | orr | 0p | 999 | 08,81~ 0 801-201
16°89 | 94890 | oo s | 08 |19 1,0001~ $ 0 201-L6
oD | sves0 | 1t 19 1 09 | 0235 | 618~ 50 9616
oL et | sy g2l | 08 |%8% | 0% o8~ %0 06-58
— sUeLstere | gt gel | 03 [o8% | 008~ ] 06~58
1w gl pov gL wopdwes | 202 | 12060 | 6%t g9 | ootjeer! o o1 $9-02 0L
roL{tzoe0 | ert g9 | eotlesyr| o o1 ‘ ¥3-6L
gorsLf1zos0 | apt gL | ootlesw| o @1 -8l
Po1%jop eyxe g-g
therjdeve sywurpioos | 9p°pe | 180600 | o1t e eot €& | 00t |88 (o19ehien | 09 | x| 0% |dedo1] L~zor] 1z-79
tr=d) (1ed) o ﬁmon R%Bn
eyomoy “s |%ewz | 8L | %, Tay te, LR ¢ {® A .Mmm gng | ooty
I v |'a CITTy)

5 GNV SANVLSNGD NOWLVERSIINGD
W 378VL

Page 38



s R Ne. 20195

P

Leboretory

‘agips &
1 ¥O 3 WeAn® puw 1j6] o) 4o 6 | CIRAING WG HE SEPATROI™ PORETES €] GRBY] SLINGY RGN oY) JO DINeEjq oK1 UeTM oApfEOd 81 4 jo ofie 3.-..« m.
*(2 Mioeque) 1195 puw (1 wisseqes) ssrem pedp ssa opyabyy padesds oy pus ‘ouy geg = 7 *perjionds ourMasyo neoqun *
§9°20 {20290 |ost | emr 0 [ gor | oot/ | o ¢l o4 | ot £9g-8%¢
099 1228950 |terr | o oo EOL° | 001 | Lo%° | 481 B+ Wy 198288
18°2L [s669°0 | 2692 | tee 8% ] o9 | oDu| 08S® | .G O+ $2'1 19€-99%
139 | 42810 jasy | S8 GOt | 19 |0P9D | BUL® |1 98.81~ 0 Sye-0%¢
08 9680t eLry | s @ | 1o [oLs | 199° | 101 B 890 688-98¢
Or'se |0RSE0 |eery | o5l el | 0L | oot esde | 0% 8- 0 268~ 62¢
98°38 {0280 | tier | eme $T® | 5o | ooi|90e| o o1 L28-2%8
$8°68 | 93ee0 |cesr | w 599 | ®P9w| oo1{z0o| o 0L9°0 | 0T | L-BI1] L-dot | 61e-91e
Wil (8RS | 650 [ oov | ée | coi|esse| o
LAl R AT S 6ot | 2o | oot)ege| o

0r'9® 10268 | to't

g9 4800 1 OOT| %407 | 481 B~
B6°69 [2BEY*T | oIt

e | W 09 | 039 | (BT B+

191 168-982

4 | ot §05-863
g L6z-6
0 982- 082

sTte fazees | oy oot 20 | oorjesse| o 01| L2t L0z 6l2-9L2
Pup wyodemaoce |gregz [ogsL't | o0 60% | esr | obi|esse| o ot ry 8L3-992
L9 [Sa810T | et GuE | cel | oof{o%| o 01 ,ﬂ L92-292
99 leetort | sert & § ser | 00nl S| .03 Bt 91 192-952
60°99 [ 6996'0 | sr't ooT | oSt | 0%  0E9° | W81 B 7o $92-052

$6°6L | BBLEY &t
oLl [et%0 | o
95'9L [8Lovto | seo
60°99 | tlsen | Wt

51 | eaL | oot €ge 0
et | e | oor| espe 0
ast | V3 | oot osst 0

01| Lodtt] 1411 evz-ewe
o1 a | evz-sez

8 1
desbo oo powen 7o pue Py
UOSRIEY SCURBIIP ¥2 ) BT SUs]

ot L82-2¢2

sC 28BS ERVIELURE

& oL 008 | 960 | (81 S+ P14 168-822
TE9 | 82se0 | 050 a3t | e 69 | 089" ] 481 B~ ¥0 $eg-otz
T0QL {92880 | 06e L &3t | s o0t | 88%° 0 L] 1) L-46 | L6 | s12-812
4 ) ¢ () 2 2 z_«mon ﬁ:d.uc
b it “s (Mo | L] Py L ¥ Py 1w | w & A .

s g | qng | o°019S

Iy | iy

9031%)

®.459) 38 3 Vi



Jot Propolsion Laborstery

Progress Roport No. 20.133

4By
cﬂin’!ﬁvucs-_o!l.-:goévﬁﬁgﬁnﬁ?ﬁgg%goﬂ?aﬁgaﬂﬂ«@a?ﬂ?&ai?&?ém
*(% W11o0qme) P35 pre (1 1Wpsooges) s padp om appebyy pedvade o pev ‘euy gop = 7 ‘popgiede soprIsge sesjuf)

eaojio palluwyassie; | GeeoL| 9186°0 | S00e0 | aar % | sur| eodeliss| A 4 4 | 400t S-T01 | 11S-905
wopsteod oous

~isjas yo woorjLo yioq | 19°0L| 06060 | TMGD | s @t esr | cot| iese , L-f01 | 1-Do1 | $08-008
wonpnod souassia
WOy oUMYO0(0 N6

Povers 31-f0f eotite | Los2| 0606°0 | 1emsre | su 6% | G| 601 tes° &001 | i-D0% | s6v-96

L

e

wopsoydnp o) wougo | 2092 22830 | S2osre | wer @3t | Twr| oot sewe ot &40t | 1201 | 969-06¢

st'oL| selt t | ey | oar €9 | x| oot 6090 w§ooe Br@et | L8t | L9920

62°89] £820°¢ | WePD | tar et | s | rew | gove Py | 498 | 4401 | O¥P-sey

Bl 96900 | oBteS | sa2 e | o9 | cotl 1z 268°0 4301 | 106 | veveeow

0r'22] 08ev°0 | OOFY | sar & | ea| wouf L9 L0 S7B1E | X6 | Lz9~209

8¥°L8] 61190 | 0631 | amy 88 | o | oot guLe 09 {1980 146 | 1gv-91p

teeo| so1s°0 | e | sur $°0% | e optesd| o 2% |68 | o1 216~ 019

19'08] 0000t | T | e T8 | 3| eot| eUl*| .St B~ OP6sv0 | PO 609~ 60V

6veej 03180 | %oy | a2 | 8| 0O 168 | .01 B4 0P |68V°0 | L9071 £0%-96¢

WPIL| B99L°0 | wSrT | oupe 1esg | ool ootjessei o 0% 6890 | ¢’ | L-a8Y Le8- 268

80'6L| £652°1 | 180X | <sr Q! 9| s | 9990 | .01~ 0L |00 | 0] Seunt 88262

108 9196°0 | 90000 | eme 8% | s oov|oe| o 0400 | ot | LA ee-oLe

0L 6818°0 | 99880 | cer @I 19| L ) 999° | .81 B8~ 8P 0050 | o aarnt sue-oLe

91°99| 1900°0 | wer'yr | cur 68 | VL OBU| 208 | (ET B+ O (0290 | 2070 | L-mit | 40T | 698-99%

) () (o) 2 1 :

¢ g W
w, |u & %yl Tyl 1 n | L 2R |Hiee | dios vopdung
syewoy ¥ |z | on v AR Wy |ty s | g [0
o 1)
{.o93) 1 T8

Page 40



3281 ‘G A5y jo uojIvaqiieoss uo poswy P
*soqman spiowkey mim Py up ofiveyo o) orwszedmoo o1 Aweseson £ uy sSuwey .

Ne. 20.195

3@y

K] °F1 80 g BTORS PR 1J9] O WO 8 | WeuNG BIGM PUB SOTAYIOD pARINS 6 SOTT] MRG0 WEONS O J0 20%0eaY] o UYa sapjesd e A jo wie .
m *(3 vdoeqa) Vo0 pue (1 shoges) sscem palp e eppbyy pokeads op pre touy geg~ 7 ‘poyjionds sepmiagio swopun
O%R pokp pue  |[B1°6L | S8¥0°0) sty | s o | osr| oot S8ecl W8I B* | A | 4 | l9°1| Ledor| 1m0t | #8s-619
OSR “spraby siyioee |{60°08 | 6vs9c0| eory | osee et | 9] 09| 999°) et B~ 90| L-J0%| L-30% | 8is-e8
svee | 3z66°0| Svir | Ew oot | oo | oot ocos| A 4 | 1efo1] 1-701 | 2L5-198
saoy}
| 430 PREIACI VI GSS
~#5S sopdwen we cwwe | gu010 | 0009z STl | eur oo% | eS| o0 093¢ L1201 | L-£01 | £93-099
£58-808
eopdues wo yoouo | 49°CL | €619°3 | Geeo | a2 658 | 90| 603 gose 65%-449
wdoogmBgy =gy | coree | se19°2| s0sp0 | a2 s | o | oog| zeg £9%-6%¢
tedos=Sy0=lp | o0 | 26080 ooeere | ooer os | s o3| oos 288-2%%
wdcgalipelyy | srrow| 1oore] stsen | we & | swee| szl sser 146-9¢3
‘worto™7 | 16°CL | 2T6a0 | osen | zoer o | oov} @vee £6S-0nS
U, .3'0=7 | 200l T26R°0 | S0 | 2w gor| -} esstl o L1807 | 4-40% | 625928
ouowosag-0ly mereks
im w0y posasacs | peeoL | 0080°t | 82080 plse* gboe | 999 08 Z+ 130t | r-gotr ! czs-egre
porzad Puyrnice 118
WP 2P 218 W NS | QAL | 0120°t | Seete | emee sl =] el o dedot | 1-gor | *9ts-2te
%190 »j - 4
sussusy permpreqne | 96°9L | £180°L | €0ES0 | gouz oot | gomer | 601 wu0°| o 9| 0t | o] L-gor| Legot | zis-z18
g Enl 1 il g " 4 1
Y — o Moz &L P o o ey | ¥ ¢ | p | K| vhee ) e | g gung
3 Er3 Ty | 8| <98 | <0
.W i in SN
a.
3 .03 11 398VL

Poge 41



Progress Repert No. 20-195 Jet Propulsion Laboratory

TABLE IV
AREA CORRECTION FACTORS FOR POLAR-SAKPLING AREAS®
WITH 15° INCREMENTS
Tube | 4,/A, Tube | A,/A,
No. No.
0 0.360 10 7.93

g722 11 8.92
1.45 1 9.99
2.18 13 1L.i5
2.92 14 1243
d.c2 5 13.86
447 i6 15.48
5.28 17 17.37
6.12 18 19.64
7.00

W D = OB W o e

%fa this aketch, 4, is the sempling erea, that portion of the area of s lune which hes a dibedral engle
of 15° end it szis coincident with the spray ezic end rvhick is boeaded by the interaection of two cylindricel
surfsces, the azes of which &re coincid: ut with the spray sxis Gedme x, of center cylinder = 0,125 in., sad
redii of sacceenive cylinders x,, x4, etc, increase in! . increments). 4, = (5/2){c,~¢,) whea the radius

of the sphere equals 6 inches,
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TABLE V
PHYSICAL PROPERTIES OF SPRAYED FLUIDS

unmmo ——n i
— woeae

Dye Deasity Viscosity Tmio:
Flauid Concentration at 20°C at 20°C at 2°C
Dyed water® 0.015 0.998 1.009 72.75
Dyed wates® 0.1 2.998 1.009 72.75
Carbon tetrachloride® nome 1.592 0.975 26.8
Kerosene (white)d none 0,810 1.90 28,0

SDye concentration epproximate since dye wes eddad for photographic contrsat only,
bysed for testn with miscible Hquidss

“From Ref. 19,

9B, JPL maiyticsl laboratory oa high-grado commercial produce by Unica Oil Co.

by
4
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TABLE Vii
EXPERIMENTAL VARIATION® OF £,
Sample No. — Date E, Remarks
B0 | cc, | Tekes

T2dwough 77 | 10ET | 10°-T| &4l 7592 | original data takes to stady

75 through 84 10E-T | 10F-T 451 76.52 | check on original dats to estab-
lish experimental duplication

480 through 485 | 10E-T | 10F-T| 1-%5 32 7437 | chock on originel data with
duplicete configwation

500 through 505 | 10F-T | 10J-T | 2562 7361 | check on erlgingl deta with
duplicete sot of crifices

494 theough 499 | 10G-T | 10J-T | 5452 1597 | sume as sex; ‘e 500 through 505
exeept that orifice 10)-T was
rotated 90° clockwise

§06 through §11 | 10)-T | 10G-T| 3652 7685 | exme es sazy'ies 500 through 505
except fo. intsrchange of

- eviflees
Av 7545

“The followiag test conditions were constant for these datas /M, = 1.0; 4,/Ay = 1.0; @ = 60%

AP, = AP, = 100 pai; D) = D, = 0,052 fn,; ”dcéfc‘z

=08.768

TABLE ViRl
VARIATION OF g, WITH LOMENTUS RATIO FOR MISCIBLE LIQUIDS
1-—-—r- s = e o
My | A4, o APy | AP, E,
0.6 1.0 6 60 | 100 | 8009
1.0 1.0 60 | 100 | 100 | 8347
1.67 1.0 6 | 100 60 | 798
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STREAM | STR,EAM 2
N\
¢ ¢
'\\ 2y
\ g-‘r/’”
2
N a _y j— ¢ )

2 i W~

. V S
. i "
1]

My, 3 M sm(%* 7) My, T M2 W‘(%' )')
: BISECTOR OF ANGLE -
My, + M'z i Q ¥
INCLUDED BETWEEN STREAM
wd w2 + el CENTER LINES
2 T T total —~IDEAL-SPRAY RESULTANT
T MOMEMTUM LINE BASED ON.
N » TWO-DIMENSIONAL INELASTIC
tm-‘-;-(i'f %)3 COLLISION; ALSO VERTICAL
7 CENTER LIME OF COLLECTOR

Figare 1.  Geometsy of Impinging-Stream System

- T . A R S

g

Figure 2. Impinging-Jet Assembly
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i
gr/

INLET ASSEMBLY
P LE SSEMBL

PRESSURE TAP

Qe S

INLET BAFFLE

%
q
|
|

LOCK NUT (Ref)

BARREL
//‘
/—

¥

RERZRERAR

{ — MOUNTING BLOCK {Ref)

ADJUSTING RNUT (Ref)
/‘— D G {

&

200-MESH SCREEN

CRIFICE INSERT

Figurse 3. Barrel Assembly
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Figure 4.  Collector Assembly with 6-Inch Radius
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0 0°

M/ Mg 2 1.0, @ » 80°, Lo Q.Sim.; 4P = £Py = 100 pal
ORIFICES I0E-T (H,0) AND 10F=T (CCl)

CAR L
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Variation of Spatial Distributica with Collector Position

Figure 5.
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Figure 6. Injector Spray ilooth
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APs=25psi
.
APs25pei
i ¢
: ]
i £
i P AP=100 psi
§oi
£
£
3
MWMJECTORS: 118 AND 24
o 60° |
SYSTEM : WAVER - WATER t
; I
Figure 7. Vauriation of Spatial Distributivn lesulting from ’oor Free-Stream Characteristics
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DARAEL 2 ROTATED SO° CLOCKWISE

INJECTORS 9B AND 94
a*60°%, 4P=50ps
SYSTEM WATER-WATLR

SARAC . - ROTATED 90° CLOCKWISE

Figere 9. Variation in Spatial Distribution Resulting from Radial Displacement of
Nonsvmmetrical Velocity Profiles
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B8~-D AXIS

25 psi

50 ps!

egyseseeranc.

100 psi

weomrregesas

Figure 10.  Spatial Distribution from Streams with Symmetrical Velocity Profiles
at Various Reynolds Numbers
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Figure 12, Flash Photographs «f Free Stre uns Tithout anii Rith Terbulence Generutor
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Figure 13.  High-Speed klash Photographs of Sprays Produced by Incipiently

Turbuient Streams
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Figure 14.  High-Speed Flash Photographs of Sprays Produced by Fully Turbulent Streams
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Figure 18.  Vanation of £ with :
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Figue 19.  Veriation of £ with Area Scale
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